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ABSTRACT

Author: Banerjee, Pranay. MSECE
Institution: Purdue University
Degree Received: May 2018
Title: Advanced Torque Control Strategy for the Maha Hydraulic Hybrid Passenger Vehicle.
Major Professor: Monika Ivantysynova
An increase in the number of vehicles per capita coupled with stricter emission regulations
have made the development of newer and better hybrid vehicle architectures indispensable.
Although electric hybrids have more visibility and are now commercially available, hydraulic
hybrids, with their higher power densities and cheaper components have been rigorously
explored as the alternative. The most commonly used architecture is the series hybrid, which
requires a power conversion from the primary source (engine) to the secondary domain. A
positive displacement machine (pump) converts the rotational power of the engine into hydraulic
power and a second positive displacement machine (motor) converts the hydraulic power back
into rotational power to drive the axle or wheel. Having at least one variable displacement unit
enables the system of the pump and the motor to form a continuously variable transmission. A
series hybrid also includes a secondary power storage device, which in most cases is a highpressure hydro-pneumatic accumulator. During braking, power flows from the wheels, which
drive the second positive displacement machine into the high-pressure accumulator and during
acceleration, the power flow is reversed, i.e. power from the high-pressure accumulator is used
as an input for the second positive displacement machine which will run in motoring mode and
drive the axle or wheel. A mode-switching hydraulic hybrid, which is a combination of a
hydrostatic transmission and a series hybrid was recently developed at the Maha Fluid Power
Research Center.
This thesis focuses on the development of a new torque-based controller for the modeswitching hydraulic hybrid prototype. The aim of this work is to use a uniform control strategy
across all vehicle modes instead of multiple controllers for multiple modes. With that in mind, an
entirely new system model is developed. This torque-based control strategy, along-with a
supervisory controller decides on the usage of the high-pressure accumulator, thereby switching
the vehicle from non-hybrid to hybrid mode. A separate engine speed controller is designed to

xv
control the engine throttle based on the measured engine speed and a piecewise constant
reference engine speed. The model is simulated using standard drive cycles demonstrating the
different vehicle modes of operation and the controller action. The architecture of the existing
prototype vehicle is modified to implement the new controller and also to prevent leakages when
the vehicle is not in use. The data acquisition system is modified to incorporate new installed
components. Lastly, baseline measurements taken with the prototype vehicle are compared with
the simulations. This improved control strategy allows the vehicle to operate in higher
powertrain efficiencies and the uniform nature of the controller results in a better “driver-feel”.
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1. INTRODUCTION

Motivation

1.1

The second industrial revolution in the beginning of the 20th century resulted in a boom in
the automotive sector, with industries switching to heavyweight automotive for mass production
and lightweight automotive becoming more affordable to the population. However, this also
meant a nearly complete dependency on crude oil. Figure 1.1 shows the US energy consumption
by source from 1980 to 2015. It is clear from this figure that, petroleum consumption dominates
over all other energy sources, with petroleum consumption accounting for 36.34% of the total
energy consumption in 2016[1].
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Figure 1.1. : U.S. Primary Energy Consumption by Source
Figure 1.2 shows the US petroleum consumption by sector. It is evident from the figure
that the transportation sector is the main contributor to US petroleum consumption and accounted
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for 70.33% of the total petroleum consumption in 2016[2]. Increase in global trading and easier
affordability of passenger vehicles have led to the steady rise in the petroleum consumption by the
transportation sector. Despite this increasing demand, the US petroleum production has always
been much below the consumption levels as shown in Figure 1.3[3], hence, petroleum continued
to be one of the main US single-item import throughout the last few decades.
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Figure 1.2. : U.S. Petroleum Consumption by Sector
This heavy dependency of industrial and transportation sectors on petroleum was not
sustainable and came under severe scrutiny during the oil crisis of 1973 and the energy crisis of
1979[4]. The depleting reserves of fossil fuels and the consequent increase in their prices
compelled global leaders to invest in the idea of developing alternate and more efficient vehicles.
As the harmful effects of vehicular emissions on the environment and on the population became
more evident, it became necessary to address these issues by adopting stricter emission standards
like the Kyoto Protocol in 1997[5].
With the goal of reducing the petroleum supply-demand deficit and combating the higher
emission standards, there was a renewed fervor into hybridization of vehicle powertrains. The
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availability of faster processors and better simulation methodologies have catalyzed the growth
of vehicle hybridization in recent times.
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Figure 1.3. : U.S. Petroleum Production vs Consumption
The more popular hybrid vehicle category viz. the electric hybrids use an electric
propulsion system consisting of electric generators and electric traction motors and the energy
recovered through regenerative braking is stored in batteries or ultra-capacitors. Although there
has been extensive research to explore pure-electric and hybrid-electric vehicles and many
designs are available commercially, they continue to face the challenges of low power densities
due to battery limitations, complex control systems, high component weights and costs. A
promising alternative in this regard is the hydraulic hybrid powertrain. As the name suggests, a
hydraulic hybrid powertrain uses hydraulic pumps and motors for power transmission. However,
unlike electric hybrids where kinetic energy from braking is stored as electric charge in batteries,
in hydraulic hybrids, energy from regenerative braking is stored in the form of pressurized fluid
in a hydraulic accumulator. This accumulator acts as a secondary power source to drive the
hydraulic motors, thereby providing the required torque to the wheels.
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This thesis demonstrates how a hydraulic hybrid version of a passenger vehicle can be
controlled based on torque demand, with an optimum utilization of power sources, while
reducing fuel consumption and improving overall powertrain efficiency.

1.2

Research Objectives

The objective of this thesis is to demonstrate the development, simulation and implementation of
a torque-based control strategy for a multi-modal hydraulic hybrid passenger vehicle. The thesis
includes:
x

Defining the different modes of operation of the hydraulic hybrid vehicle from the
perspective of torque control.

x

Developing appropriate torque-based control strategies for the different vehicle modes

x

Testing the new controller by simulating standard drive cycles under different operating
conditions

x

Instrumentation in the prototype vehicle, including controller implementation, new
installations and updates in data acquisition and control mechanism

x

Stability and controllability analysis in the state-space domain

x

Experimental measurements with the prototype vehicle.
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2. STATE OF THE ART

This chapter will discuss about hydraulic transmissions, specifically hydrostatic and the
different architectures of hydraulic hybrid transmissions. Previous research in these areas have
been cited in this chapter to give the reader a holistic overview of the existing hydraulic hybrids
and to act as a prelude to understanding the prototype hydraulic hybrid vehicle used in the later
part of this thesis.

2.1

Hydraulic Transmissions
Hydraulic Transmissions make use of pressurized hydraulic fluid to drive hydraulic

machinery by converting rotational energy into hydraulic energy and vice versa. Any hydraulic
transmission consists of at least three main parts: a positive displacement machine to convert
mechanical power provided by the prime mover (usually either a combustion engine or an electric
motor) into hydraulic power; at least one second positive displacement machine to convert the
hydraulic power into mechanical power to drive the axle or wheels, and hydraulic lines to allow
the flow of hydraulic fluid from the first positive displacement machine to the second. Depending
on whether there is energy storage, hydraulic transmissions can be categorized into non-hybrid
and hybrid hydraulic transmissions.
2.1.1 Non-Hybrid Hydraulic Transmissions
As the name suggests, non-hybrid hydraulic transmissions involve the transmission of
hydraulic power from a hydraulic pump to a hydraulic motor, without any storage of energy. The
most common form of a non-hybrid hydraulic transmission is the hydrostatic transmission.
2.1.1.1 Hydrostatic Transmission
A hydrostatic transmission consists of at least two positive displacement machines. One
such positive displacement machine is coupled to the engine shaft, while the other is coupled to
the wheels. These hydraulic units may either be fixed or variable displacement units. At least one
positive displacement machine must be of variable displacement type to have a continously
variable transmission. A basic hydrostatic transmission with two positive variable displacement
machines is shown in Figure 2.1. The hydraulic pump, Unit 1, converts the input rotating
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mechanical power from the engine into fluid power, and the hydraulic motor, Unit 2, converts this
fluid power back into rotating mechanical power at the wheels. The primary advantage of such a
Li ne A

ICE

Li ne B

Figure 2.1. : Schema of a Simplified Hydrostatic Transmission
system is the availability of a continuously variable transmission that allows infinite gear ratios
during vehicle movement. As such, hydrostatic transmissions fulfill both high speed and high
torque requirements, and are hence used heavily in the off-highway vehicle industry.

Hydrostatic Transmissions are usually closed circuit systems with flow re-circulating
between the hydraulic units and either line could act as a high-pressure line, depending on the load.
During the event of acceleration, Unit 1 acts a pump providing flow into and therefore pressurizing
line A, whereas, Unit 2 acts as a motor and converts the fluid power into rotational power at the
wheels. During the event of braking, however, the high and low pressure lines switch with Unit 2
now acting as a pump while Unit 1 acts as a motor, thereby making line B as the high-pressure
line. Since there is no energy storage in a hydrostatic transmission, whatever flow leaves one unit
must enter the other. Hence, these transmissions are typically flow-controlled systems and not
pressure-controlled systems. The flow into the system is a function of the speed and displacement
of the hydraulic units. As a result, the wheel speed is a function of the flow rate and the
displacement of Unit 2. The torque at the wheel is a function of the rolling resistance, road grade
and friction losses. This load propagated back determines the system pressure. Thus, the pressure
in the system is load dependent.
One of the earliest works on hydrostatic transmissions was in the area of off-highway
vehicles at the National Institute for Agricultural Engineering in Silsoe (now Silsoe Research
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Institute), UK in 1952[6]. Several manufacturers in US attempted to implement hydrostatic
transmissions in mobile machinery, but were unable to release any commercial product[7]. One of
the first commercially available vehicles utilizing a hydrostatic transmission was the “Hydrocar”
released by Linde in 1956[8]. In the early 1960s, there were some attempts to implement
hydrostatic transmissions in off-highway machinery but these were not successful. In 1967, a joint
venture by International Harvester and Sunstrand Corporation resulted in the commercial
production of agricultural tractors with hydrostatic transmissions[9]. However, after some initial
success, this design was discontinued due to inefficiencies and high production cost as compared
to mechanical transmissions[10]. Despite these initial hurdles, hydrostatic transmissions are
currently utilized in almost 80% of off-highway machinery, particularly for low power (~30 kW)
applications[10].
2.1.2 Hybrid Hydraulic Transmissions
Hybrid hydraulic transmissions not only transfer power from the engine to the wheels, but
also store a part of the kinetic energy during braking as potential energy in the form of pressurized
hydraulic fluid in hydraulic accumulators. Later when the vehicle accelerates, this pressurized fluid
can be used to drive the hydraulic motors thereby provided required torque at the wheels. Similar
to electric hybrids, the hydraulic hybrid systems have three main types of architecture: parallel
hybrids, series hybrids and series-parallel or power-split architecture based hybrids. These are
discussed in detail below.
2.1.2.1 Parallel Hydraulic Hybrids
A parallel hybrid powertrain consists of a single energy converter and related energy
storage media placed in parallel to the primary transmission, as shown in Figure 2.2. The hydraulic
system consists of a hydraulic unit (pump/motor) as the energy converter and a hydraulic
accumulator as the energy storage device. The hydraulic unit is mechanically coupled to the
existing transmission. The propulsion power may be supplied by the ICE alone, by the hydraulic
hybrid system alone or both. The presence of discrete gears in the conventional transmission results
in excess torque supply from the engine than required. The hydraulic unit operates as a pump to
charge the accumulator during regenerative braking, or when the ICE output power is greater than
the power required at the wheels. Although both the energy sources can provide torque to the

8
wheels at the same time, the vehicle speed is determined by the engine speed and the current
transmission ratio. There is a potential for engine downsizing as the engine can be sized for steady
state cruising. In this hybrid system, the ICE and the hydraulic unit can be coupled in many
possible ways. Hence, different power management techniques can be developed which
strategically operate the hydraulic unit in either pumping or motoring mode to efficiently transmit
power to the wheels, thereby improving fuel economy. One disadvantage of this architecture is the
need for a complex control system due to multiple sources of torque. In addition, this architecture
suffers from losses due to the mechanical coupling between the hydraulic and the conventional
transmission. Finally, discrete gearing limits the engine management, as compared to series
hybrids.

ICE

Conventional
Transmission

Figure 2.2. : Schema of a Parallel Hybrid Transmission
The earliest investigation in the area of parallel hybrid vehicle was by Buchwald et al. [11]
where a comparative study was performed between two parallel hybrid city buses (one equipped
with an automatic transmission and the other with a manual transmission). The results showed that
fuel savings from 25% to 30% were possible with the parallel hybrid design. Tollefson et al. [12]
developed a model for a parallel hydraulic hybrid vehicle using the baseline vehicle model used
by Wu et al.[13], but with a different drivetrain layout and driving cycles. Vehicle performance
was simulated over both urban and highway driving conditions, and it was observed that fuel
economy significantly improved for urban conditions than highway conditions, due to lower
occurrences of regenerative braking for the latter. Hugosson [14] investigated the Cumolo Brake
Energy Drive (CBED), a parallel hydraulic hybrid prototype in operation and observed fuel
savings in the range of 16% to 25% for normal operation. Nakazawa et al. [15] were involved
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with the development of a braking energy storage and recovery (BER) system by Mitsubishi that
used a look-up table approach for load distribution between the engine and the hydraulic system,
based on the accelerator pedal stroke. Lin et al. [16] developed a stochastic control strategy for the
parallel hybrid architecture, by modeling the driver power demand using Markov process and
using it as a cost function for a stochastic dynamic programming (SDP) optimization. However,
this strategy was computationally expensive and required prior knowledge of the drive cycle.
2.1.2.2

Series Hydraulic Hybrids
A series hybrid powertrain consists of two energy converters and an energy storage media

in series with the engine. For a series hydraulic hybrid, the energy converters are the hydraulic
units and the energy storage device is the hydraulic accumulator. As shown in Figure 2.3, the
mechanical power of the ICE is converted into hydraulic power by Unit 1 which is either used to
charge the high-pressure accumulator or sent to Unit 2 to provide rotational power at the wheels.
Thus, there is no direct mechanical coupling between the engine and the wheels. Using positive
variable displacement machines forms a continuously variable transmission between the engine
and the wheels. This enables a complete decoupling of the engine operating point from the vehicle
speed. The other advantage of this architecture is the flexibility in the location of the engineaccumulator set. As a result, there is a greater flexibility in power management of series hybrids.
The transmission control for a series hybrid powertrain is based on secondary control logic.
The system pressure in a series hybrid system is determined by the state-of-charge of the highpressure accumulator rather than the system load as in case of hydrostatic transmissions. Unit 1 is
tasked with controlling the system pressure. Unit 2 is controlled to provide the torque required at
the wheels by adjusting its displacement based on the current system pressure. While braking, Unit
2 goes over-center (i.e. negative displacement) and acts as a pump, pumping fluid from the lowpressure accumulator to the high-pressure accumulator, thereby performing energy storage.
Although the series hybrid configuration is suitable for power management, it has few
disadvantages. Firstly, the series hybrid systems suffer from low transmission efficiencies when
compared to parallel hybrids. This is primarily due to multiple energy conversions among the
components. Secondly, the hydraulic units must be sized to absorb the full power from the engine
while providing the maximum power required at the wheels. For the system shown in Figure 2.3,
all the power required at the wheels is provided by Unit 2. As a result, the Unit 2 has to be large
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in size. This limits the maximum velocity of the vehicle. This problem can be solved by using two
hydraulic units, one for each axle. Finally, since the pressure in a series hybrid system is predefined, when the torque demand is not high, the high-pressure difference across the hydraulic
units causes the units to run at low displacements. This compromises the efficiencies of the
hydraulic units.

Figure 2.3. : Schema of a Series Hybrid Transmission
One of the earliest investigations into the series hydraulic hybrid architecture was by Elder
and Otis in 1973[17]. They developed a computer model for a series hydraulic hybrid vehicle.
Their work involved several vehicle types, such as buses and delivery vans, but their primary focus
was the urban passenger car. They simulated the passenger car using the Federal Urban Driving
Schedule (FUDS) and the results showed that the concept of hydraulic hybrid powertrains was
feasible and promised significant gains in fuel economy and emission reduction. Heggie and
Sandri[18] considered a series hybrid powertrain with an additional mechanical by-pass capability.
The results showed an increase in fuel efficiency from 17% to 22% by including driveline declutching during steady state driving conditions. Taking advantage of engine speeds independent
of vehicle speed for series hybrids, Wu et al. [13]performed computer-based simulations for a
passenger car with series hybrid powertrain and fixed component sizes. Their main goal was to
determine the optimal engine speeds for different control parameter combinations. Their research
showed that for a 3000 lb. passenger car, a fuel economy of 60 mpg was possible with a series
hydraulic hybrid transmission.
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Hugosson [14] also studied the Cumolo Hydrostatic Drive (CVD), a secondary controlled
series hydraulic hybrid type bus in the early 1990s. The control strategy required the secondary
unit i.e. a variable displacement pump/motor to deliver torque to the output shaft, while the primary
unit, run by the internal combustion engine maintained the system pressure in the accumulator
based on the vehicle speed, to allow energy recovery through regenerative braking. Results showed
fuel savings in the range of 25% to 40% for the series hybrid driveline. Johri and Filipi [19] used
a stochastic dynamic programming approach to maximize powertrain efficiency for a series
hydraulic hybrid demonstration vehicle, by selecting optimum engine torque and speed based on
naturalistic drive cycles. Vu et al. [20]used a model predictive control approach to regulate vehicle
velocity, engine torque, engine speed and accumulator pressure for optimizing efficiency during
cruise control.
2.1.2.3 Series-Parallel (Power-split) Hybrids
The series-parallel hybrid or power-split based hybrid powertrains are a combination of
series and parallel hybrids. By combining a planetary gear train (PGT), shown in Figure 2.4, with
a continuously variable transmission (CVT), the power-split drive combines the continuously
variable speed control with a simultaneous high efficiency level from the mechanical transmission.

Figure 2.4. : Planetary Gear Train
Based on the location of the PGT, power-split architectures are categorized as outputcoupled, input-coupled or more complex architectures with multiple PGTs. An example of an
output-coupled power-split hybrid powertrain is shown in Figure 2.5. The sun gear is connected
to the axle, the planet gears are connected to the engine shaft via the carrier gear and the ring gear
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is connected to the hydraulic transmission. The engine power is transferred through the carrier
gear, and split between the sun and ring gears. The extent of power-split depends on the speed of
the vehicle and the mode of operation of the PGT. There are mainly three modes of operation for
a PGT: additive, full mechanical and recirculation mode.

Figure 2.5. : Schema of an Output-Coupled Power-Split Hybrid Powertrain
One of the earliest works in the area of power-split hybrid transmissions was on a passenger
car prototype by Shiber[21]. The vehicle prototype combined a continuously variable transmission
with a hydraulic accumulator to store energy from braking. This vehicle completed nine ECE
driving cycles and doubled the fuel economy in comparison with a vehicle without the hybrid
system. Machinenfabrik Augsburg-Nuernberg or MAN in Germany had vast experience in
developing hybrid bus prototype, with multiple projects like the flywheel hybrids (Gyrobus I and
II) and hydraulic hybrids. They developed a second prototype called the “MAN Hydrobus II”
which used a power-split transmission, and measured 18% to 33% increase in fuel economy as
compared to conventional buses[22]. In 2012, United Parcel Service (UPS) used 20 new Parker
Hannifin infinitely variable transmission (IVT) hydraulic hybrids in Baltimore, MD. Using a GPS
recorded drive cycle and engine shut-off strategy during idling, these hybrids were tested. A fuel
economy improvement between 19-52% for diesel vehicles and between 30-56% for gasoline
versions was observed[23]. In 2016, PSA Peugeot-Citroen developed Air Hybrid, a passenger
vehicle with power-split transmission, which demonstrated about 45% decrease in fuel economy
in urban driving and 35% reduction overall (city, motorway, road)[24].
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2.1.2.4 Unique Hydraulic Hybrid Transmissions
In addition to the three categories of hydraulic hybrids mentioned earlier, several other
unique architectures were explored, which cannot be clearly grouped under one of these three
categories. In 2004, the US Environmental Protection Agency issued a patent for the transmission
shown in Fig. 2.6. This transmission includes two positive displacement machines connected to
the wheels, which can be independently activated and deactivated. A combination of passive and
actively controlled valves allow four different modes of operation: hybrid, hydrostatic, hydrostatic
above hybrid pressure and hydrostatic below hybrid pressure [25]. Although braking pressure
switches the lines automatically removing the need for over-center units, however both Units 2
and 3 must operate in the same mode.

Figure 2.6. : Schema of the EPA Hydraulic Hybrid (Gray, 2004)
In 2011, Bauer et al [26] studied the hybrid architecture shown in Figure 2.7, created by
HYDAC. This system allowed operation in three modes: full hydrostatic, full hybrid and
hydrostatic between units 1 and 2 and hybrid unit 3. As per the study, only Unit 3 was used to
recover energy while braking and had to move over-center in order to do so.
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Figure 2.7. : Schema of the HYDAC Transmission Circuit (Bauer et al., 2011)
In 2014, Sprengel and Ivantysynova developed a blended hybrid transmission at the Maha
Fluid Power Research Center, Lafayette, US [27]. This architecture was so named, as it was a
blend of a hydrostatic transmission, a parallel hybrid and a uniquely connected high-pressure
accumulator. The high-pressure accumulator can be connected or disconnected from the circuit
using a combination of active and passively controlled valves. As shown in Figure 2.8, this
transmission consists of a hydraulic unit coupled to the engine shaft and two hydraulic units
coupled to the wheels.

ICE

Figure 2.8. : Schema of the Blended Hydraulic Hybrid (Sprengel & Ivantysynova, 2014)
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The blended hybrid vehicle can be operated in several distinct modes to achieve higher
efficiency when compared to a conventional transmission. During acceleration, it can be operated
in hydrostatic mode, where the engine provides power to unit 1, which supplies flow to units 2 and
3 while the HP accumulator enabling valve remains closed. Alternatively, in pure hybrid mode,
the high-pressure accumulator can be used to drive unit 3, while units 1 and 2 remain at zero
displacement. The blended driving mode involved the HP accumulator driving unit 3, while unit
1 used power from the engine to provide flow to unit 2. During braking, unit 1 is commanded to
be at zero displacement and the high-pressure line is switched to line B. The units 2 and 3 then act
as pumps directing fluid flow to charge the high-pressure accumulator.

An energetic analysis was performed on this transmission by comparing its performance
with that of a baseline automatic transmission and a series hybrid over the UDDS drive cycle [27].
The comparison technique involved using dynamic programming to optimally control each
transmission to minimize the fuel consumption. The blended hybrid demonstrated a fuel efficiency
improvement of 37% in comparison with automatic transmissions, with a fuel economy of 21.2
mpg. The analysis was extended further to include a series hybrid power split transmission[28]. In
this case, the blended hybrid showed a 0.8% and 7.7% improvement of fuel economy over the
series hybrid power-split and manual transmission respectively[28]. The blended hydraulic hybrid
was evaluated for performance and implementation on a passenger vehicle using a Hardware-inthe-Loop approach [29] and finally implemented on a four-wheel drive sports utility
vehicle[30],[31].
2.1.2.5 Mode-Switching Hydraulic Hybrid Transmission
In 2015, a modified architecture of the blended hybrid transmission was investigated to
utilize the hydrostatic mode of operation for most of the driving, and to use secondary control to
store energy during regenerative braking and re-use this energy for a power boost. This new
architecture, implemented on the same four-wheel drive sports utility vehicle was called the ModeSwitching Hydraulic Hybrid Transmission as shown in Figure 2.9[32].
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HP

U nit 3

Figure 2.9. : Schema of the Mode-Switching Hydraulic Hybrid (Haria & Ivantysynova, 2016)
The mode-switching hybrid acts a hydrostatic transmission when the HP accumulator
enabling valve is closed, effectively disconnecting the High Pressure Accumulator (HP) from the
system. In this case, the control strategy is to maintain the same fluid flow between the pump and
the motors, by controlling the displacements of these hydraulic units. This is called flow control
or speed control. When the HP enabling valve opened, that switches the transmission from
hydrostatic to series hybrid with a different control strategy, called secondary control. In this
strategy, the motoring units (Units 2 and 3) are torque-controlled, and the state of charge of the
high-pressure accumulator (secondary unit), together with the pressure-controlled Unit 1 (primary
unit) determine system pressure. While braking, the HP enabling valve is closed and the HP check
valve opens. The pressure switches lines, making line B the high-pressure line and line A, a lowpressure line. The HP check valve then allows fluid flow from line B to the high-pressure
accumulator, thereby charging the accumulator through regenerative braking.

The criteria for switching between the hydrostatic and the series hybrid mode for the ModeSwitching Hydraulic Hybrid system was based on the accelerator pedal position and the state-ofcharge of the accumulator. The control strategy for these two modes were quite different. While
speed control logic was used in the hydrostatic mode where the system pressure depended on the
load, in case of the series hybrid mode, the secondary control logic was used where the highpressure accumulator determined the system pressure. This architecture was studied mainly from
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the point of view of drivability without compromising on the fuel economy of the vehicle. One of
the main areas of improvement for this system was to have a uniform control strategy for all the
vehicle modes of operation based on the torque required at the wheels, which would be similar to
conventional on-highway vehicles. Secondly, the HP accumulator was mostly used as a power
boost mechanism in this system. An alternate strategy needed to be developed that made maximum
usage of the energy stored in the HP accumulator for driving the vehicle. Finally, there were
leakage losses in the system when the vehicle was at standstill (turned off or in parking gear for a
long period). This was because the low-pressure accumulator was connected to the system even
when the vehicle was at standstill leading to leakage out of the accumulator.
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3. CURRENT SYSTEM ARCHITECTURE

The previous chapter highlights the diverse nature and number of hydraulic transmission
system architectures. The diverse nature is because each system is designed to perform a specific
task or to optimize a particular parameter. This thesis will focus on the design, control and
implementation of the next version of the Mode-Switching Hydraulic Hybrid, an architecture
called the “Maha Hydraulic Hybrid Vehicle”. This version of the architecture is proposed to
introduce a uniform control strategy based on torque requirements, against the switching control
logic implemented in the original version of the system architecture.

3.1

Maha Hydraulic Hybrid Vehicle (Maha HHV)
In order to address these issues, the next version of the Mode-Switching Hydraulic Hybrid

transmission, called the Maha Hydraulic Hybrid Vehicle (HHV) is proposed, as shown in Figure
3.1. It consists of a 100 cc variable displacement swashplate type axial piston pump, Unit 1. There
are two motoring units, each a 75 cc variable displacement axial piston pump/motor, Units 2 and
3. Unit 2 is coupled to the rear axle and Unit 3 to the front axle of the vehicle. Using two motors
of comparatively smaller sizes to provide the same torque results in these units operating at higher
speeds. As shown in the figure, this transmission has an additional enabling valve between the
low-pressure accumulator and the oil filter. The oil filter was added to address the issue of oil
contamination. When the vehicle is at rest, the low-pressure enabling valve (9) is closed, thereby
preventing any leakage losses from the LP accumulator (10). When the vehicle is turned on (and
hence, the engine (1) runs at idle speed) and put in either forward or reverse gear, the low-pressure
accumulator enabling valve (9) is opened, thereby connecting the LP accumulator to the system
and setting the system low-pressure. As mentioned earlier, Unit 1 (3) is a 100 cc/rev axial piston
unit of swashplate type, which is coupled to the engine (1) through a speed reducing pump gear
(2). The rated maximum rotating speed of Unit 1 limits the maximum engine speed, through this
pump gear.
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A number of check valves (11, 13 and 17) direct the fluid flow for various operating modes
of the vehicle. In addition, there are a number of pressure-relief valves (12) that set the maximum
line pressure and are used for precautionary purposes.
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Figure 3.1. : Maha Hydraulic Hybrid Vehicle (Maha HHV)
The HP accumulator enabling valve (15) connects or disconnects the HP Accumulator (16)
to the circuit, thereby determining whether the vehicle operates in the non-hybrid or hybrid mode.
When the enabling valve (15) is closed, there is no flow between the HP Accumulator and line A.
Thus, the transmission behaves as a hydrostatic system. When the enabling valve (15) is open, the
HP Accumulator (16) drives Units 2 and 3, thereby realizing a series-hybrid transmission. In order
to compensate for the volumetric losses of the hydraulic units, a low-pressure system is essential.
This is implemented using a 26.4 cc charge pump (7), a 42-liter LP accumulator (10) and a
reservoir (6). When the system pressure falls below the pre-defined low-pressure setting, the LP
accumulator (10) and the charge pump (7) provide requisite flow into the system through a check
valve. During the event of regenerative braking, the LP accumulator (10) provides the flow to
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Units 2 and 3 to charge the HP accumulator (16) through the HP check valve (17). The flushing
valve (14) is used either to send flow from the lines to the LP accumulator or to allow cooling of
the excess flow by passing it over the LP relief valve to the oil cooler (18).

3.2 Modes of Operation
This section will describe in detail the different modes of operation for the Maha HHV.
3.2.1

Non-Hybrid Driving Mode
The non-hybrid mode is realized when the HP accumulator (16) is disconnected from the

circuit. This happens when the HP enabling valve (15) is closed thereby disconnecting the HP
accumulator from line A. In this mode, the power from the internal combustion engine (1) is
transferred to Unit 1, which converts the mechanical power into hydraulic power and pumps
hydraulic fluid into line A. The commanded torque is calculated based on the pedal positions and
the reference pressure is set to below the pre-charge pressure of the HP accumulator. Units 2 and
3 are controlled to provide the torque required at the wheels at the reference pressure. Unit 1 is
commanded to maintain the reference pressure level in line A through a PI feedback control logic
and simultaneously load the engine with the correct load torque. As such, system is torquecontrolled in this mode of operation.
3.2.2 Hybrid Driving Mode
The vehicle enters the hybrid driving mode when the HP enabling valve (15) is opened,
thereby connecting the HP accumulator (16) to line A. Two conditions need to be satisfied for
opening the HP enabling valve. First, the state-of-charge of the HP accumulator should be higher
than its pre-charge value. Second, the pressure in line A should be equal to that of the HP
accumulator. This is done to prevent a sudden change in pressure in line A upon opening the HP
enabling valve that would cause the driver to feel a jerk. Therefore, the Unit 1 displacement is
increased to match the pressure in line A to that of the HP accumulator. Once the pressure in line
A becomes equal to the HP accumulator pressure, the HP enabling valve is opened. In this mode,
the HP accumulator determines the system pressure. The displacements of units 2 and 3 are
controlled to provide the required torque at the wheels, albeit at a higher pressure level set by the
HP accumulator. As the HP accumulator pressure decreases, the displacement of Unit 1 is adjusted
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to match the pressure in line A to that of the HP accumulator. There is minimal flow from Unit 1
in this mode. As soon as the HP accumulator pressure reaches its pre-charge (minimum) value, the
HP enabling valve is closed and the transmission switches out of the hybrid driving mode.
3.2.3

Regenerative Braking Mode
When the brake pedal is depressed, the Maha HHV performs hydrostatic braking. In order

to do this, firstly, Unit 1 moves to zero displacement. Then, the HP enabling valve (15) is closed
to prevent flow into line A to allow charging of the HP accumulator. In this mode, the high and
low pressure lines are switched, i.e. line A becomes low pressure line and line B becomes high
pressure line. Accordingly, the pumping and motoring units exchange their roles, i.e. Units 2, 3
operate as pumps now. Based on the braking torque commanded by the brake pedal, Units 2 and
3 pump flow into line B thereby increasing the pressure in line B. The inlet flow to Units 2 and 3
while pumping is provided by the charge pump (7) and the low-pressure accumulator (10). When
the pressure in line B exceeds that of the HP accumulator, the HP check valve (17) opens allowing
flow from line B into the HP accumulator thereby charging the accumulator. This recovered energy
in the HP accumulator can be used later.
Since, the energy recovered from regenerative braking leads to an increase in HP
accumulator pressure, in case of aggressive braking or braking over a long period of time, it is
expected that the HP accumulator pressure could reach its maximum pressure setting before the
braking event ends. In that case, any further regenerative braking would cause all the flow from
line B to be discharged over the HP accumulator relief valve set at 450 bar, resulting in heat.
Therefore, a value ு, was defined as the higher limit of the HP accumulator pressure for the
extended/aggressive braking events. This pressure, ு, is just below the maximum HP
accumulator pressure of 450 bar and the braking controller ensures that in case the HP accumulator
pressure goes higher than ு, , then the displacements of units 2 and 3 will be reduced to zero
to prevent further charging of the HP accumulator. This would diminish the effect of hydrostatic
braking and would prompt the driver to press the brake pedal harder, thereby activating the friction
brakes of the vehicle.
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3.2.4

Reverse Driving Mode
In this driving mode, there were two possibilities – Unit 1 switching to over-center and

pumping flow to line B, thereby making line B the high-pressure line. The Units 2 and 3 would
then supply the torque required to drive the vehicle in reverse and the displacement of Unit 1 would
be controlled to maintain the commanded pressure in line B. If the pressure in line B exceeded that
of the HP accumulator, there would be flow into the HP accumulator through the HP check valve
(17). While braking in reverse mode, the pressure lines would switch making line A as the highpressure line. However, unlike regenerative braking, the flow from Units 2 and 3 would be
absorbed by Unit 1 to compensate for parasitic losses.
The second option is to switch the Units 2 and 3 over-center, keeping line A as the highpressure line. Apart from changing the polarity of the displacements of Units 2 and 3, the rest of
the system is controlled in an identical manner to the forward (non-hybrid) driving mode. In
addition, during braking in the reverse mode, energy storage is possible due to pressure switching,
thereby allowing line B, as the high-pressure line, to pump flow into and thereby charge the HP
accumulator (16). Due to these advantages, the second option is chosen over the first one.
3.2.5 Coasting Mode
When neither the accelerator nor brake pedal is depressed, there is no torque commanded by
the driver. In this case, the vehicle operates in the coasting mode. In this driving mode, all the
hydraulic units are commanded to go to zero displacement and the HP enabling valve (15) remains
closed, thereby disconnecting the HP accumulator from the circuit. The vehicle moves with its
own inertia and decelerates due to resistive forces like rolling friction and aerodynamic drag acting
on it.
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4. SYSTEM MODELING FOR MAHA HHV

In order to develop appropriate control strategies for the various driving modes of the
Maha HHV, an accurate system model is necessary. For that purpose, a system model was
created using MATLAB/Simulink. An overview of the system model used for simulations is
shown in Figure 4.1. It includes an engine model, hydraulic unit models, a transmission line
pressure build-up model, vehicle dynamics model for the wheels and a system controller. The
driver pedal positions (accelerator and brake) are used to calculate the torque commanded from
the transmission. The velocity profile from the drive cycle is used to generate a reference engine
speed profile. Based on the mode of operation, the controller calculate the unit 2 and 3
displacements that would satisfy the torque requirements and the unit 1 displacement that would
maintain the required system pressure. The hydraulic unit models use the commanded unit
displacements and the speed inputs to calculate the flow generated by these units. The line
pressure build-up model uses the inflow and outflow values to calculate the system pressure. The
torque from unit 1 is used as a load torque feedback to the engine, while the torque generated by
units 2 and 3 is the total transmission torque. The transmission torque is scaled by the axle gear
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Figure 4.1. : Overview of the Maha HHV System Model
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to give the wheel torque. This wheel torque is used as the input into the vehicle dynamics model,
which subtracts the resistive torques and generates the vehicle speed from the effective torque.
The vehicle speed is also used as a feedback to the controller. The controller also calculates the
engine throttle position based on the simulated engine speed and the reference engine speed. The
engine model uses the torque feedback from the unit 1 model and the throttle value to calculate
the simulated engine speed.

4.1 Engine Model
The engine model takes the throttle position command (from a supervisory engine speed
controller) and load torque (from the unit 1 model) as input and calculates the engine speed. The
engine dynamics are given by Equation 4.1.
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(4.1)

Where ߱ா is the calculated rotational speed of the engine, ܬா is the engine inertia, ݑா
or ݑ௧௧௧ is the normalized engine throttle command, ܯௐை் is the engine wide-open-throttle
map which is usually determined experimentally, ܲா() is the reference engine power (136 kW),
ܲா(௦ௗ) is the scaled engine power and ܯா,ௗ is the load torque to the engine applied by the
hydraulic transmission.
A supervisory engine speed controller uses the error between the desired engine speed
߱ா,ௗ௦ and the actual engine speed ߱ா to calculate the engine throttle command ݑ௧௧௧ using
PID control logic as shown in equations 4.2 and 4.3. A speed-controlled engine is modeled instead
of a torque-controlled one, as constant engine speed is better suited for simulating the different
modes of operation of the Maha HHV prototype. The desired engine speed profile was obtained
by generating a reference engine speed map for the vehicle, which is discussed later in the Torquebased System Control chapter.
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4.2

Hydraulic Unit Model
The hydraulic unit model consists of pump models for the hydraulic units 1, 2 and 3. The

modeling of pumps is a complex process because of the underlying physical equations and loss
considerations. Positive displacement machines form the basis of hydraulic systems where the
theoretical flow and torque are given by Eqs. 4.4 and 4.5 respectively.
ܳ௧ = ߚ

ܸ߱
2ߨ

(4.4)

ܯ௧ = ߚ

ȟܸ
2ߨ

(4.5)

From a practical perspective, however, positive displacement machines have flow and
torque losses that need to be considered in order to predict the effective pump/motor flow and
torque. The performance and efficiency of these machines are calculated by combining the
theoretical flow and torque with flow and torque losses obtained through measurements. Positive
displacement machines are capable of operating in eight different modes based on combinations
of direction of rotation, location of high-pressure port (A or B) and swashplate position. Out of
these eight modes, four combinations behave as pumps and four as motors. Figure 4.2 shows a
pumping and a motoring unit for one such combination where port A is at high pressure, the
swashplate does not move over-center and the direction of rotation is as indicated. Here, ܯ௧ and
ܳ௧ are the theoretical torque and flow rate respectively and ܯௌ is the torque loss. The flow loss
ܳ௦ is the sum of the internal and external losses ܳௌ and ܳௌ .
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Polynomial loss models were generated by running the positive displacement machine
under steady state conditions for a wide range of speeds, pressures and unit displacements[33].
These losses are a function of unit speed, differential pressure and relative unit displacement.
ܳௌ = ݂ொ (߱, ȟ, ߚ)

(4.6)

ܯௌ = ݂ெ (߱, ȟ, ߚ)

(4.7)

Calculations for the effective flow rate and torque are different based on the mode of operation of
a hydraulic unit. In pumping mode, the effective flow rate and torque is given by:
ܳ = ܳ௧ െ ܳௌ = ߚ
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Whereas, in motoring mode, the effective flow rate and torque is given by:
ܳ = ܳ௧ + ܳௌ = ߚ
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(4.10)

ܯ = ܯ௧ െ ܯௌ = ߚ

ȟܸ
െ ݂ெ (߱, ȟ, ߚ)
2ߨ

(4.11)

Figure 4.3 shows some variations of the flow and torque losses at low and high unit displacements
over a realistic range of unit speeds and pressures.
The loss models are derived empirically and hence need to be scaled for positive
displacement machines of varying sizes using linear scaling laws using scaling factor calculated
as shown in Eq. 4.11. Here, ܸ௦ௗ is the scaled unit displacement and ܸ is the reference unit
displacement from the loss model.
య ܸ௦ௗ
ߣ= ඨ
ܸ

(4.12)

Therefore, the losses predicted by the polynomial loss model are scaled to the desired machine
size as shown in Equations 4.13 and 4.14.
ܳௌ,௦ௗ = ݂ொ (߱, ȟ, ߚ). ߣଶ

(4.13)
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ܯௌ,௦ௗ = ݂ெ (߱, ȟ, ߚ). ߣଷ

Flow loss at 17% displacement

(4.14)

Flow loss at 100% displacement
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Figure 4.3. : Flow and Torque Losses over realistic operating conditions
With the scaling factor ߣ, the displacement volume, rotational speed, flow rate and torque
for each hydraulic unit can be appropriately scaled as shown below in Equations 4.15 – 4.18.
ܸ = ߣଷ ܸ,

(4.15)

݊ = ߣିଵ ݊

(4.16)
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4.3

ܳ = ߣଶ ܳ

(4.17)

ߣ = ܯଷ ܯ

(4.18)

Check Valves and Relief Valves
The check valves allow flow in only one direction, whereas the relief valves limit the

maximum pressure in a line. Hence, both were modeled, based on the standard orifice equation as
shown below in Equations 4.19 and 4.20.

ܳ

2. ( െ ௨௧ )
ܥ௩ ඨ
=൞
ߩ

;

ܳ = ൞

(4.19)

; ( െ ௨௧ )  0

0
ܥ௩ ඨ

( െ ௨௧ ) > 0

2. ( െ ௦௧ )
ߩ

;

( െ ௦௧ ) > 0

(4.20)

; ( െ ௦௧ )  0

0

Where, ܥ௩ is the flow gain of the valve,  is the inlet pressure of the valve, ௨௧ is the
outlet pressure, ௦௧ is the set pressure for the relief valve and ߩ is the density of the hydraulic
fluid.

4.4

Transmission Line Model
All the hydraulic components are connected to each other using hydraulic hoses. The inline

flow also encounters laminar and turbulent losses, which results in a pressure drop across the
transmission lines. These losses can be modeled using either a lumped parameter or a distributed
parameter approach. Lumped parameter approach is generally sufficient for most fluid power
applications. The general expression for the pressure drop due to flow losses in a transmission line
of length L and diameter D, derived from Navier-Stokes equations of force balance [34], is shown
in Equation 4.21.
ȟ௦௦ =

ߩܸܮଶ ߣ
2ܦ

(4.21)
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Where ߩ is the density of the hydraulic fluid, ܸ is the mean velocity of the fluid in the
transmission line and ߣ can be expressed as shown in Equation 4.22.
64
ߣ = ൞ ܴ݁
0.3164
ܴ݁ .ଶହ

For laminar flow
(4.22)
For turbulent flow

Where, ܴ݁ is the Reynold’s number, defined in equation 4.23.
ܴ݁ =

ܸ ܦ
ߛ

(4.23)

Where, ߛ is the kinematic viscosity of the fluid in the line. If ܴ݁< 2300, the flow is considered to
be laminar else the flow is turbulent and the pressure drop is calculated accordingly. The mean
velocity of the hydraulic fluid, ܸ can be expressed as,
ܸ =

ܳ
ܣ

(4.24)

Where, Q is the volumetric flow rate in the line in (l/min) and A is the area of the transmission
line. Using = ܣ

గ మ
ସ

and the equations 4.22 and 4.24, the expression for pressure drop due to

laminar and turbulent flow losses can be expressed as shown in Equations 4.25 and 4.26.

ȟ௦௦,

512ߩ ܳܮଶ
=
ܴ݁ߨ ଶ ܦହ

ȟ௦௦,௧௨௨௧ = 8ߩܮ

0.3164ܳ ଶ
ܴ݁ .ଶହ ߨ ଶ ܦହ

(4.25)

(4.26)

As shown in Figure 4.4, the pressure built-up in a transmission line of length L and diameter D is
a result of the flow in and out of the line. The generalized form of the pressure build-up equation
for a line ݅, can be expressed as shown in Equation 4.27.
ሶ =

1
 ܳ
ܥு,

(4.27)
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Figure 4.4. : Simplified diagram of a transmission line
Where, σ ܳ is the net flow in and out of the line i and ܥு, , is the hydraulic capacitance of the
line which is given as in Equation 4.28.
ܥு, =

ܸ
ܭ

(4.28)

Where, ܭ is the bulk modulus of the oil used in the system and ܸ is the volume of the line i.
The parameter ܭ is given by:
1

ܭ ( ( = )+ ܾ)  െ ݈݊ ቀ1 + ቁ൨
ܽ
ܾ
Where: a = 0.0733 (for HLP32 at 52°C (20cSt))

(4.29)

b = 999.93 bar (for HLP32 at 52°C (20cSt))
p = pressure in bar

4.5

Hydraulic Accumulator
A basic illustration of the bladder-type hydraulic accumulator is shown in Figure 4.5. The

compressibility of a gas is utilized in hydraulic accumulators for storing fluids and thereby
capturing the pressure energy. As shown in Figure 4.5, a bladder-type accumulator consists of a
fluid section and a gas section, with a flexible rubber bladder acting as a gas-proof barrier. Nitrogen
is used as the compressible medium. The fluid around the bladder is connected to the hydraulic
circuit so that the accumulator draws in fluid when the pressure increases and the gas is compressed.
When the pressure drops, the compressed gas expands and forces the stored fluid into the circuit.
As such, bladder-type accumulators can be used effectively for storing the braking energy during
regenerative braking. The accumulator can either be directly connected to a hydraulic transmission
or indirectly using an enabling valve.
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Figure 4.5. : Bladder Type Accumulator
For example, when a high-pressure accumulator is connected directly to the transmission as
in a series hybrid, it increases the hydraulic capacitance of the high-pressure line, which in turn
gives flexibility in implementing power management strategies. On the other hand, when the
accumulator is indirectly connected to the transmission through an enabling valve, the line
capacitance does not change until the accumulator is connected to the system by opening the
enabling valve.
The polytropic process can be utilized to model an accumulator, since the compressibility
medium i.e. Nitrogen is assumed to be an ideal gas and therefore following the ideal gas laws,
shown in equations 4.30 and 4.31.
. ܸ  = ܥ

(4.30)

Where,  is the pressure and ܸ is the volume of the gas, ݊ is the polytropic index and  ܥis
a constant. Therefore, in general,
 . ܸ = . ܸ 

(4.31)
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Where,  and ܸ represent the effective gas pressure and volume respectively when the
accumulator is completely discharged. Using polytropic models derived from the ideal gas laws,
the pressure build-up inside an accumulator can be defined as shown in equations 4.32 and 4.33.

ሶ =

ܳ
ܥு,

(4.32)

Where,
ଵ

ܥு, =

ۓ൬1 + 1 െ ߟ ൰ ܸ ൬  ൰
ۖ
2
݊ ାଵ

ܳ  0
(4.33)

ଵ

۔
1 െ ߟ ܸ  
ۖ൬1 െ
൰ ൬ ାଵ ൰
ە
2
݊ 

ܳ < 0

In the above equations, ߟ is a constant accumulator efficiency term which results in
pressure decreasing faster while discharging than while charging (for a given flowrate). Typical
values for the polytropic index ݊ range from 1 (isothermal process) to 1.4 (adiabatic process) with
1.3 an acceptable choice for hybrid applications due to charging/discharging times. The pressure
 is also called the pre-charge pressure of the accumulator. Although as per Equation 4.31, 
represents the pressure when the accumulator is completely empty, however, to increase the lifespan of the accumulator, a minimum accumulator pressure is defined. The pre-charge pressure 
is defined as 0.9 times the minimum pressure.
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4.6

Wheel Model (Vehicle Dynamics)
As mentioned earlier in the system architecture, the Units 2 and 3 are coupled to the rear and

front axle of the vehicle respectively. The torque generated by these units is transmitted to the
wheels through the axle gear. The torque at the wheels has to overcome the resistances in order to
propel the vehicle. The resistances are due to aerodynamic drag, rolling resistance and road grade.
One-dimensional vehicle dynamics were determined through a force balance between the applied
and resistive forces. A free body diagram of the vehicle used for generating the vehicle dynamics
model is shown in Figure 4.6.

Figure 4.6. : Free-Body Diagram for the Maha HHV
Here, ܨ௧ is the traction force due to the torque applied by the transmission, ߠ is the road
grade, W is the sum of the vehicle curb weight and the payload and N is the resulting normal
force component of the vehicle weight. ܨௗ represents the aerodynamic drag force, ܨ is the
rolling resistance and ܨ is the gradient force. These are defined below in equations 4.34 – 4.36.
1
ܨௗ = ߩܣ௧ ܥௗ ݒ௩ ଶ
2

(4.34)

݃݁݀ܽݎ
ܨ = ݉௩ ݃ܥ ܿ ݏ൜arctan ൬
൰ൠ
100

(4.35)

ܨ = ݉௩ ݃ ݊݅ݏ൜arctan ൬

݃݁݀ܽݎ
൰ൠ
100

(4.36)
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Where, ߩ is the density of the hydraulic oil, ܣ௧ is the frontal area of the vehicle, ܥௗ is
the coefficient of aerodynamic drag, ݒ௩ is the vehicle velocity, ݉௩ is the total mass of the
vehicle (including payload), ܥ is the coefficient of rolling resistance and ݃ ݁݀ܽݎis the road
inclination which is calculated as shown in equation 4.37.
݃ = ݁݀ܽݎ100.

݁ݏ݅ݎ
= 100 tan(ߠ)
݊ݑݎ

(4.37)

Where, ߠ is the angle of incline.
Hence, the resultant force in the x-direction ܨ௫ can be determined as,
ܨ௫ = ܨ௧ െ ܨௗ െ ܨ െ ܨ

(4.38)

Using vehicle inertia, this linear force balance was transformed into rotational force balance to
give the rotational velocity of the wheel, ߱௪ as,
߱௪ = න

ܯ௪ െ ܨௗ . ݎௗ௬ െ ܨ . ݎௗ௬ െ ܨ . ݎௗ௬
݀ݐ
ଶ
݉௩ . ݎௗ௬

(4.39)

Where, ܯ௪ is the torque applied to the wheels by the transmission and ݎௗ௬ is the tire dynamic
rolling radius. Calculations for weight transfer, tire dynamics and suspension dynamics were not
considered in order to keep the vehicle dynamics model simple.
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5. MAHA HHV IMPLEMENTATION AND INSTRUMENTATION

In order to implement the proposed architecture, a 1999 model of the Range Rover with a 4liter V8 engine was used. Designing the mode-switching hybrid transmission required taking into
account several practical considerations that were not necessary for the purpose of simulation.
Firstly, the existing vehicle used a four-wheel drive configuration. In order to replicate this
functionality, both the units 2 and 3 could be connected to the existing center differential.
Alternatively, each unit could be connected to its own axle. Due to packaging constraints and to
show that a center differential was not necessary, unit 2 was connected to the rear axle while unit
3 to the front axle. Next practical consideration was the safe operating speed range of the
moderately sized swashplate type axial piston unit 1. To safely operate unit 1 within the engine’s
optimal power point located at 4750 rpm, a speed reducing pump drive with a ratio of 1.48: 1 was
added.
In order to implement the new transmission, the existing automatic transmission, transfer case
and gas tank had to be removed. The gas tank was replaced with a smaller tank with zero spill
disconnects to have better accessibility in measuring fuel consumption. Next, a CAD model of the
vehicle’s underbody was created to define packaging constraints. A more detailed description of
the packaging architecture for the Maha HHV prototype is presented in[31]. In addition, a custom
valve block was designed to hold most of the valves in the system, as well as a majority of the
component interconnections, to create a compact structure.
The HP and LP accumulators were customized by using units made with lightweight
composite materials like aramid fiber-wrapped steel and carbon fiber respectively. In order to
minimize thermal and friction losses and thereby maximizing energy storage capability, the HP
accumulator gas volume was filled with foam. The HP accumulator was placed on the custom
mount in the vehicle underbody, while the LP accumulator was placed in the rear of the passenger
compartment. The HP accumulator enabling valve was encased in the custom valve block. The
specifications of the components used in the Maha HHV prototype are described in Appendix A.
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5.1

Low-Pressure Accumulator Enabling Valve
The previous architecture suffered from leakages out of the LP accumulator when the vehicle

was not in use. This was due to the fact that the LP accumulator was connected to the low-pressure
line even when the vehicle was turned off. This issue was solved by connecting a 2-way, 2-stage,
solenoid operated directional poppet valve. Due to the position of the LP accumulator in the rear
of the passenger compartment, the LP accumulator enabling valve needed to be installed outside
the custom valve-block, close to the fluid-end of the LP accumulator. There was another constraint
of using a line-mounted, 90° body featured manifold due to the orientation of the hoses. The
enabling valve also needed to be able to handle substantial flow rates when open and very low
leakage rates when closed. The specifications of the LP accumulator enabling valve selected are
shown in Table 1. Figure 5.1 shows the installation plan for the enabling valve and the final
installed LP accumulator enabling valve. Figure 5.2 shows the underbody of the completed Maha
HHV prototype with all the installed components.
Table 5.1. : Specifications of the LP Accumulator Enabling Valve
Manufacturer
Sun Hydraulics

rn- ..

2

0

Model
DFEBXCN224IAN

Capacity
240 L/min

Leakage rate
0.7 cc/min @
350 bar

Max Pressure
350 bar

@) h.Jdroulie.
IA.ti
ID HC CODE I

a

Gauge Port
(plugged)

r---________c!'=-

VALVE BLOCK
I- -

I.

Figure 5.1. : Installation Plan for LP Accumulator Enabling Valve and the installed valve
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Figure 5.2. : Underbody of the Maha HHV prototype
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5.2

Brake Pedal & Engine Modifications
As mentioned earlier during the introduction to the different modes of driving of the Maha

HHV, the driver input to the powertrain is provided through the accelerator and brake pedals.
Based on the position of these pedals, the torque commanded out of the system is calculated. Hence,
it is necessary to move from traditional mechanical system to a drive-by-wire system. The
accelerator and brake pedals were fitted with linear potentiometers to enable this conversion to a
drive-by-wire system.

Brake
Master ,
Cylinder

Revolute Joint

'll

Figure 5.3. : Original brake pedal functioning

Figure 5.4. : Modified brake pedal functioning

Keeping safety in mind, a full brake-by-wire system was not implemented. Instead, the brake
pedal mechanism was modified to provide additional pedal travel, which was sensed electronically
and used as a control input for commanded torque calculation and regenerative braking. The
additional pedal travel was achieved by adding a prismatic joint to the existing revolute joint
between the pedal arm and the pushrod of the brake master cylinder, as shown in Figures 5.3 and
5.4. The modified brake pedal travels 35% of its rotation before beginning to act on the master
cylinder, which then proportionally actuated the dissipative friction brakes.
In a conventional transmission, the engine speed is the outcome of the net torque generated
by the engine after it overcomes the load torque and the resistive torque. As the net torque
generated by the engine increases, the resultant engine speed increases. The torque generated by
the engine depends on the driver through the accelerator pedal. However, in a continuously
variable transmission, since the engine speed is independent of the wheel speed, hence a
supervisory controller can use power management strategies to select the required engine speed.
In the Maha HHV, both the engine and the high-pressure accumulator can supply torque to the
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wheels. Hence, instead of controlling the engine torque through the accelerator pedal, a separate
actuator was needed to control the engine speed.
For that purpose, the push-pull cable linking the accelerator pedal to the throttle valve was
removed and a rotary throttle actuator was installed to control the position of the main throttle
valve. This throttle actuator was mounted on the engine rack via a four-bar linkage. It contained a
sensor and a position controller, which took in a normalized reference angle from the controller
and adjusted the throttle valve in a closed-loop position control mode. The actuator possessed a
range of motion of 0-75°. In order to obtain the required 0-90° motion, a four-bar linkage was
installed to couple the throttle actuator and the main throttle valve.
In order to realize a closed-loop engine speed control, a magnetic pick-up sensor was used
to feedback the actual engine speed to the controller. Based on the error between the desired and
the measured engine speed, a control algorithm calculated the throttle valve position. Engine speed
measurements under no-load conditions [35] showed that when the engine speed fell below 1200
rpm (which is the cut-off speed fir the engine bypass valve), a default air-flow was allowed due to
the idle flow control engine bypass valve. This interfered with the control action of the throttle
actuator thereby creating problems with converting the engine from a torque-controlled to a speedcontrolled system. Hence, the bypass valve was disconnected from the air intake system. The
modified engine control system with the throttle actuator and the four-bar linkage is shown in
Figure 5.5.

Figure 5.5. : Engine Speed Controller with four-bar linkage mechanism
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5.3

Data Acquisition & Control
A number of different types of sensors were installed on the Maha HHV prototype in order

to measure system variables such as pressure, temperature, vehicle velocity, pedal positions and
to provide control inputs like unit displacements, valve position commands and engine throttle
command. The data acquisition and powertrain control action were implemented using a National
Instruments CompactRIO (cRIO) controller. The cRIO controller consists of a 400 MHz embedded
processor for communication and signal processing and a reconfigurable FPGA for implementing
high-speed real time control and triggering directly in the actuators. The cRIO chassis provides
eight I/O slots, six of which were used for installing various National Instruments (NI) modules
for the purpose of data acquisition and control. The details of the NI cRIO controller and the
various NI modules are presented in Table 2.
Table 5.2. : Specifications of the NI modules used for Data Acquisition & Control
Component

Specifications

NI cRIO
9074

8-slot, 400 MHz embedded processor, 256 MB
storage, 128 MB DRAM, 2M Gate FPGA

NI 9213
NI 9482
NI 9264
NI 9205
NI 9474
NI 9401

16-Channel, ±78 mV Temperature Input Module
4-Channel, upto 60 VDC Relay Output Module
16-Channel, ±10 V Analog Voltage Output Module
32-Channel, ±10 V Analog Voltage Input Module
8-Channel,5V-30V Digital Output Module
8-Channel, bidirectional, 5V/TTL Digital I/O Module

All the sensors were calibrated to obtain polynomial relations between the acquired data
(usually a voltage) and the corresponding system parameter measured. The displacement control
of the hydraulic units is achieved by controlling the position of the swashplate through a servovalve. Servo-valves are usually current-driven whereas the NI modules give voltage output.
Moreover, different actuators require different voltage input. Therefore, DC-DC converters and
voltage-to-current converters were necessary. The cRIO, along-with various terminals, relays and
current drivers (for the hydraulic units’ swashplate control valves) were placed in an enclosed box
located in the vehicle’s trunk. While staring the engine, the starter motor pulls a significant amount
of current from the vehicle battery causing a major voltage drop for other peripherals connected to
the battery. To prevent this voltage drop from interfering with the controller, a separate 12V
secondary battery was installed for the purpose of data acquisition and control. Thereafter, a battery
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separator was included to selectively connect the two batteries together. Whenever a potential
difference of at least 13.5V was detected across the primary battery, the connection was made to
enable the secondary battery to be charged by the alternator. This minimum of 13.5V was
generated by the alternator and would be present as long as the primary battery was sufficiently
charged.
Hall-effect sensors were installed on each hydraulic unit to sense the hydraulic unit speed.
These sensors accept a supply voltage and, in response to the speed of a magnetized speed ring on
the hydraulic unit’s cylinder block, output a digital pulse signal. The output changes its high/low
state as the north and south poles of the speed ring pass by the sensor’s face. Acquisition of the
pulse signal needed a higher data acquisition frequency and therefore, FPGA was used along-with
VeriStand. The pulse frequency from the hall effect sensor was processed using FPGA to calculate
the speed of the hydraulic units.
A custom graphic user interface was created using VeriStand to provide user dependent
control inputs in real-time and to display vehicle parameters like engine speed, vehicle velocity in
addition to system parameters like line pressures and unit displacements. A schematic of the data
acquisition and control framework used in the Maha HHV prototype is shown in Figure 5.6. The
figure clearly indicates the data acquisition and control signals separately. The details of the FPGA
architecture and the installed data acquisition system for the Maha HHV prototype are shown in
Appendix B. The detailed wiring diagram for the Maha HHV prototype is shown in Appendix D.
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Figure 5.6. : Data Acquisition & Control Wiring Schematic
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6. TORQUE BASED SYSTEM CONTROL

In order to facilitate the different driving modes of the Maha HHV prototype, a properly
designed controller is of paramount importance. A torque-based control strategy was used to
design the controller. The controller uses driver inputs and the system state to decide the mode of
driving for the vehicle and accordingly connects/disconnects the HP accumulator to the system.
The accelerator and the brake pedal positions are the inputs. These pedal positions are converted
into equivalent torque commanded from the system. State variables like system pressure, HP
accumulator state-of-charge, vehicle velocity, engine speed are the other inputs used by the
controller to decide the mode of operation and hence, the commanded unit displacements and the
position of the HP enabling valve. A supervisory engine speed controller is used to determine the
engine throttle based on the measured engine speed and the desired engine speed with respect to
the measured vehicle velocity. A mode-selecting supervisory controller sets the reference pressure
for the system. The secondary control block calculates the displacements for the units 2 and 3
based on the required torque whereas the pressure control block calculates the displacement for
unit 1 using closed loop control to maintain the system pressure at the commanded reference
pressure. An overview of the control architecture is shown in Figure 6.1. The control strategy for
each vehicle mode will be discussed in this chapter.

Supervisory Engi ne
Speed Controller

Engine

nu1

/J1

w
Unit 1

Ou1
Mode Selecting
Supervisory
Controller

PA
Pressure Control

HP
Accumulator

Ou23
Torque
Map
[1-D LUT]

Mu2,3des

Secondary
Control

/Ji,3
n U23

w

{Owh

Vehicle
Dynamics

Units 2&3

Figure 6.1. : Overview of the Torque-based Secondary Control Architecture
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6.1

Pedal to Torque Calculation
As mentioned earlier, the driver inputs in the form of accelerator and brake pedals were used

to calculate the torque commanded from the system. This was done using a one-dimensional lookup based approach. A standard urban driving cycle was used to determine a profile for acceleration
and deceleration rates. These were used to generate torque profiles for both the accelerator and
brake pedals.
6.1.1

Acceleration
The accelerator pedal position was mapped to correspond to the acceleration torque

commanded from the system. In order to do this, a reasonable acceleration rate profile was needed.
Mehar et al. [36] studied the speed and acceleration rates for different types of vehicles on multilane highways. The Maha HHV prototype satisfied the requirements of a sports utility vehicle
(SUV) and hence, the acceleration rates for different lane highways were selected as shown in
equations 6.1-6.4.
Acceleration rate for a SUV on a 4-lane highway
ܽ௩,ସ = 2.03 ି ݁ כ.ସ௩

(6.1)

ܽ௫,ସ = 3.32 െ 0.06ݒ

(6.2)

Acceleration rate for a SUV on a 6-lane highway
ܽ௩, = 2.03 ି ݁ כ.ଷ௩

(6.3)

ܽ௫, = 4.02 െ 0.05ݒ

(6.4)

Where, ܽ௩,(.) is the average acceleration, ܽ௫,(.) is the maximum acceleration and  ݒis the
vehicle velocity.
The UDDS (Urban Dynamometer Driving Schedule) drive cycle was used as a velocity
profile to generate the average and maximum acceleration rate profiles for both 4-lane and 6-lane
highways. The final values for the average acceleration rate, ܽത௩ and maximum acceleration rate,
ܽത௫ were calculated by taking a mean of their 4-lane and 6-lane highway counterparts. Therefore,
the mean and maximum accelerating torque commanded from the system was calculated as:
ܯ௩ = ൫݉௩ + ݉௬ ൯ ܽ כത௩ כ

ݎ௧
݅௫

(6.5)
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ݎ௧
ܯ௫ = ൫݉௩ + ݉௬ ൯ ܽ כത௫  כ--݅௫

(6.6)

Where, ܯ௩ is the average acceleration torque, ܯ௫ is the maximum acceleration torque, ݉௩
is the curb weight of the vehicle, ݉௬ is the payload weight, ݎ௧ is the tire rolling radius and
݅௫ is the axle gear ratio. The next decision was to assign the average and maximum acceleration
torques to corresponding accelerator pedal positions. ܯ௩ was selected to correspond to 50%
accelerator pedal position whereas, ܯ௫ was selected to correspond to 95% of the accelerator
pedal position. The details of the acceleration profiles for 4 and 6 lane highways using the UDDS
drive cycle and the torque calculations are shown in Appendix C.
6.1.2 Braking
The brake pedal was mapped to correspond to braking torque command in a manner similar
to that used for the accelerator pedal. The maximum deceleration rate, in the case of emergency
braking is 3.4 m/s2 according to a study by the US Department of Transportation [37]. An average
deceleration rate of 2.4 m/s2 was chosen based on two factors. First, this resulted in a comfortable
and safe braking. Secondly, this deceleration rate allowed a reasonable braking torque command
leading to a sufficient pressure build-up in Line B while braking and thereby, energy storage in
the HP accumulator.
As mentioned earlier in Chapter 5, the brake pedals in the Maha HHV were modified to
facilitate regenerative braking. As such, the first 35% of the total brake pedal travel was used as
an input for the regenerative braking system. If the brake pedal was pressed beyond 35%, the
existing friction brakes were applied, and the resultant torque was combined with the regenerative
braking torque. The average and maximum braking torques were determined similar to that for the
acceleration event (using equations 6.5 and 6.6) with the difference being that in this case, the
average braking torque ܯ௩ was selected to correspond to 35% brake pedal position whereas,
ܯ௫ was selected to correspond to 75% of the brake pedal position. The pedal position vs. torque
maps for both the accelerator and brake pedals are shown below in Figure 6.2.
After generating a pedal-to-torque map for calculating the commanded torque to the system,
it was necessary to design a control logic that would allow the system torque to match the
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commanded torque. Keeping in mind the different modes of driving, a control logic was designed
for each mode, as discussed below.
Pedal - Torque Mapping
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Figure 6.2. : Pedal Position vs Commanded Torque Map

6.2

Non-Hybrid Driving Mode
A block diagram of the non-hybrid driving control strategy is shown in Figure 6.3. In this

mode, the HP accumulator is not connected to the system. The commanded torque is calculated
based on the pedal positions and the reference pressure  is set to below the pre-charge pressure
of the HP accumulator. The displacements of Units 2 and 3 are controlled to provide the torque
required at the wheels at the reference pressure. Unit 1 is commanded to maintain the reference
pressure level  in line A through a PI feedback control logic. The calculations are shown in
Equations 6.7 through 6.9. Swashplate dynamics for the positive displacement units are not
considered since the transmission system is inherently slow by nature.
ܯଶ,ଷ ௗ௦ = ܯ ൫ݑ ௗ ൯ + ܯ ൫ݑ ௗ ൯

[ܰ݉]

(6.7)
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ߚଵ =

1
൜݇ . ൫ െ  ൯ + ݇ . න൫ െ  ൯݀ݐൠ × 100 [%]
݊ଵ . ܸଵ  
ߚଶ,ଷ =

2ߨ × ܯଶ ௗ௦
× 100
( െ  ) × ܸଶ

(6.8)

[%]

(6.9)
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Figure 6.3. : Non-Hybrid Driving Control Block Diagram

6.3

Hybrid Driving Mode
A block diagram of the hybrid driving control strategy is shown in Figure 6.4. It is similar

to non-hybrid driving controller except that in this case the HP accumulator is connected to the
transmission and the state-of-charge of the HP accumulator sets the reference pressure  . The
commanded torque input to the system is generated through the driver pedal positions. The criteria
for opening the HP accumulator enabling valve is that pressure in line A should be equal to that of
the HP accumulator. This is done to prevent a sudden change in pressure in line A upon opening
the HP enabling valve that would cause the driver to feel a jerk. Therefore, in order to enter the
hybrid mode, the Unit 1 displacement is increased to match the pressure in line A to that of the HP
accumulator. Once the pressure in line A becomes equal to the HP accumulator pressure, the HP
enabling valve is opened. Once the HP accumulator is connected to the system, it determines the
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system pressure. The displacements of units 2 and 3 are controlled to provide the required torque
at the wheels, albeit at a higher pressure level in line A set by the HP accumulator. The calculations
are shown in Equations. 6.10-6.13.
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Figure 6.4. : Hybrid Driving Control Block Diagram

ܯଶ,ଷ ௗ௦ = ܯ ൫ݑ ௗ ൯ + ܯ ൫ݑ ௗ ൯
ߚଵ =

1
൜݇ . ൫ െ  ൯ + ݇ . න൫ െ  ൯݀ݐൠ × 100 [%]
݊ଵ . ܸଵ  
 = ு

Where,
ߚଶ,ଷ =

6.4

[ܰ݉]

2ߨ × ܯଶௗ௦
× 100 [%]
( െ  ) × ܸଶ

(6.10)
(6.11)
(6.12)
(6.13)

Braking Mode
A block diagram of the braking mode controller is shown in Figure 6.5. In the braking

mode, the high and low pressure lines are switched. Line B is the high-pressure line. The
commanded braking torque is determined by the brake pedal position. Unit 1 is commanded to
be at zero displacement while units 2 and 3 are controlled to provide the commanded braking
torque at line B pressure, as shown in Equations 6.14-6.16.
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[ܰ݉]

ܯଶ,ଷ ௗ௦ = 0.5 × ܯ ൫ݑ ௗ ൯
ߚଶ,ଷ =

(6.14)

2ߨ × ܯଶ,ଷ ௗ௦
× 100 [%]
( െ  ) × ܸଶ

(6.15)

ߚଵ = 0

(6.16)
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Figure 6.5. : Braking Mode Control Block Diagram
However, there is a condition that needed to be considered for events like aggressive
braking or braking over a longer period of time. Since, the energy recovered from regenerative
braking leads to an increase in HP accumulator pressure, in case of aggressive braking or braking
over a long period of time, it is expected that the HP accumulator pressure could reach its
maximum pressure setting before the braking event ends. In that case, any further regenerative
braking would cause all the flow to be discharged over the HP accumulator HP relief valves,
resulting in heat. Therefore, a pressure value, ு, was defined as the higher limit of the HP
accumulator pressure for the extended/aggressive braking events. This pressure, ு, is just
below the maximum HP accumulator pressure of 450 bar and the braking controller ensures that
in case the HP accumulator pressure goes higher than ு, , then the displacements of units 2
and 3 will be reduced to zero to prevent further charging of the HP accumulator. This logic is
shown in the green highlighted portion in Figure 6.5. This would effectively diminish the effect
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of hydrostatic braking and would prompt the driver to press the brake pedal harder, thereby
activating the friction brakes of the vehicle.

6.5

Coasting Mode
The coasting mode is selected when neither the accelerator pedal nor the brake pedal is

depressed by the driver. In this case, the vehicle needs to follow free dynamics with no torque
being supplied to the wheels through the transmission. In this mode, the commanded
displacements of all the hydraulic units is zero. The deceleration of the vehicle occurs due to the
resistive forces acting on it like rolling resistance, aerodynamic drag, friction and thermal losses
in the hydraulic units and components.

6.6

Reverse Driving Mode
In order to facilitate reverse driving, Units 2 and 3 are commanded to go over-center while

unit 1 would always have positive displacement. The control logic in reverse mode is same as
that in the non-hybrid driving mode with the exception that in this case, ߚଶ,ଷ values would range
from zero to -100%, depending upon the commanded torque for reverse driving.

6.7

Reference Engine Speed Map
The engine control system for the Maha HHV was modified to operate as a speed

controlled system rather than a torque controlled system. In this first phase of transmission
controller implementation in the vehicle, it was desirable to have the engine operate at a
relatively constant speed. Similar to the idea of creating a pedal-torque map, it was decided to
create a reference engine speed map by doing an energy analysis of the Maha HHV powertrain
with different drive cycles. This power management strategy was done to assess the possibility
of driving with a constant engine speed and utilizing the energy available from the HP
accumulator to meet the torque requirements. The power generated by an internal combustion
engine (ܲா ) is given as:
ܲா = ܯா × ߱ா

(6.17)

Where, ߱ா is the engine speed in rpm and ܯா is the net torque output of the engine. This net
torque is a function of the engine throttle and the wide-open-throttle (WOT) torque of the engine:
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ܯா = ܯௐை் × ݑ௧௧௧

(6.18)

Where, ܯௐை் is the WOT torque of the engine which is determined experimentally and ݑ௧௧௧
is the engine throttle command.
Based on measurements taken with the Range Rover baseline vehicle, the wide-open-throttle
torque map of the engine is as shown in Figure 6.6. It needs to be mentioned here that the torque
measurements start from the idle engine speed, which is 750 rpm.
Engine Wide Open Throttle (WOT) Torque Map
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6.7.1

Maha HHV Powertrain Energy Analysis

A section of the UDDS drive cycle was chosen to perform the energy analysis for the Maha
HHV powertrain. The systematic procedure is discussed below:
1. The velocity profile from the drive cycle was used to calculate the power required at the
wheels (ܲ௪ ) as:
ܲ௪ = ܯ௪ × ߱௪

(6.19)

Where, ܯ௪ is the torque available at the wheels in Newton meter and ߱௪ is the angular
speed of the wheels in radians/second.
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2. It was assumed that during the braking events, 90% of the braking power is available for
storing in the High-Pressure Accumulator, i.e. losses due to friction are considered to
account for a 10% loss. This braking power was used to calculate the brake energy
available as,
ܧ = න ܲ ݀ݐ

(6.20)

Where, ܲ is the braking power available for storing and is defined as,
ܲ = ൜

0.9 × ܲ௪
0

,

,

ܯ௪ < 0
ܯ௪  0

(6.21)

3. Three operating points were chosen from the engine wide-open-throttle (WOT) torque
map. These points were {800 RPM , 240.1 Nm}, {1800 RPM , 306.6 Nm} and {2500
RPM , 330.1 Nm}. These operating points were used to calculate the energy available
from the engine, ܧ as
ܧ = න ܲ ݀ݐ

(6.22)

Where, ܲ is the power available from the engine running at the set reference speed, and
is calculated as,
ܲ = ܯ × ߱

(6.23)

4. The net energy required from the powertrain, ܧ , is calculated as,
ܧ = න ܲ ݀ݐ

(6.24)

Where, ܲ is the excess power required from the powertrain and is calculated as,
ܲ = ൜

0
ܲ௪ െ ܲ

ܲ௪,  ܲ
,ܲ௪ > ܲ

(6.25)

A comparison of the available braking energy and the energy required from the powertrain
with the three pre-defined engine operating points was used to design the reference engine speed
profile.
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A partial UDDS drive cycle selected for performing the energy analysis is shown in Figure
6.7. As shown in Figure 6.8, with a constant engine speed of 800 rpm, the energy available from
the engine is insufficient in providing the required torque at the wheels. In addition, the energy
available for regenerative braking is very low, resulting in a monotonically increasing energy
demand from the powertrain. This is expected since this engine speed is just above the idle speed
of 750 rpm.
Energy Analysis with w eng = 800 rpm

Drive Cycle for Energy Analys is

60

6000

(\

f

50
~

,,.

I

J

4000

rr~

2000

=,
6

-~
>,
e'
Q)
C:

w

-2000

-4000

10

- - - -----------~ ---- Brake Energy Available

-

----..,....,___

Extra Energy Reqwred over Engine

Net Energy Available

-6ooo l..':::============-----_J_---...J_---L---_J
100

200

300

400

100

700

500

200

300

400

500

600

700

Time in [s]

Time in [s]

Figure 6.. : For engine speed = 800 rpm

Figure 6.. : Partial UDDS Drive Cycle
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Figure 6.9 shows the energy analysis using a constant engine speed of 1800 rpm. Initially
there is a requirement of extra energy from the powertrain which the engine is not able to provide.
In addition, due to the absence of regenerative braking, there is a deficit of the net available energy.
This indicates that the engine speed of 1800 rpm is not capable of handling the sudden high torque
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requirement at the wheels. However, in the later part of the drive cycle, there is enough braking
energy available to handle the extra energy requirement beyond that which the engine can provide.
Finally, Figure 6.10 shows the energy analysis using a constant engine speed of 2500 rpm.
At this speed, the engine is capable of providing the torque required at the wheels. Moreover, there
is enough braking energy available through regenerative braking.
With this analysis, the reference engine-speed profile with respect to the vehicle velocity
could be designed as shown in Figure 6.11. As shown in the figure, the engine is commanded to
run just above the idle speed at low vehicle velocities. Thereafter, as the vehicle velocity increases,
the engine is commanded to run at either 1800 rpm or 2500 rpm. It is evident that this is a piecewise
constant reference engine speed profile.
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Figure 6.11. : Reference Engine Speed vs Vehicle Velocity Map
The engine for the Maha HHV prototype was therefore modeled as shown in Figure 6.12.
The next task is to validate this engine speed profile with the controller through simulations.
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Figure 6.12. : Engine Model for the Maha HHV
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7. SIMULATION RESULTS

This section shows the simulation results that demonstrate the control strategies described
earlier for different vehicle modes and with different operating conditions viz. different state of
charge of the accumulator over a section of the UDDS drive cycle.

7.1

Case 1 - UDDS Cycle; HPA Discharged
Figures 7.1 through 7.6 show the simulation results of the Maha HHV system model over a

part of the UDDS cycle, with the HP accumulator at its pre-charge pressure level, i.e.
ு =  = 155 ܾܽݎ. During this drive cycle, all the modes of operation except reverse driving
are realized.
7.1.1

Non-Hybrid Driving
Figure 7.1 illustrates the velocity profile over this simulation. As the vehicle starts from

rest, the controller sets the mode of driving to non-hybrid mode. As mentioned in earlier chapters,
the input to the transmission controller are the accelerator and brake pedal positions, as shown in
Figure 7.2. Figure 7.3 illustrates the unit displacements commanded by the transmission controller.
In accordance with the non-hybrid mode, the units 2 and 3 displacements are calculated to match
the commanded torque at the reference pressure, whereas unit 1 is controlled to maintain this
reference pressure in line A. The reference pressure was set to be below the HP accumulator precharge pressure. It was pre-determined based on the torque required by the vehicle and the engine
speed profile.
The engine speed profile is shown in Figure 7.4. As evident from the figure, the simulated
engine speed tracks the reference engine speed quite well. The engine speed is constant throughout
most of the forward driving mode. Based on the torque mapping with respect to the pedal positions,
the commanded torque profile along-with the simulated system torque is shown in Figure 7.5. This
figure also shows that despite the resistive forces acting on the vehicle during forward driving, the
system torque matches the commanded torque quite well.
Figure 7.6 demonstrates the line pressures. During forward driving, line A behaves as the
high-pressure line whereas line B is the low-pressure line. Just after the vehicle starts, the engine
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is still running at a low speed, hence the pressure-controlled Unit 1 displacement command
increases sharply. This causes a spike in the pressure in line A. As the engine speed increases, the
Unit 1 displacement is adjusted and line A pressure drops below the accumulator pre-charge
pressure during the remainder of the non-hybrid driving mode.
7.1.2 Braking Mode
At t=52s, the vehicle enters the braking mode. The engine is commanded to run at idle
speed during braking and the simulated engine speed tracks the commanded engine speed
effectively. During braking, unit 1 goes to zero displacement and the Units 2 and 3 are controlled
to provide the braking torque. Consequently, line B pressure increases and when it exceeds the HP
accumulator pressure, it causes a transfer of flow into the HP accumulator as evident from the
increasing pressure of the HP accumulator as shown in Figure 7.6. This process is repeated for
every braking event in the simulation drive cycle.
A limitation of the braking controller was observed during simulations. When the vehicle
is at standstill, for example at t=60s in Figure 7.9, the braking controller still interprets the brake
pedal position to calculate the braking torque and thereby commands units 2 and 3 displacements
to provide the required torque as shown in Figure 7.11. However, unit 1 is commanded to be at
zero displacement hence there is no pressure in the system as seen in Figure 7.14. In case the
vehicle is resting on a sloped surface, this can lead to the vehicle rolling downward due to its own
inertia
7.1.3 Hybrid Driving Mode
During forward driving, when the HP accumulator pressure is above its pre-charge pressure
level, the mode-selecting supervisory controller changes the reference pressure to the current HP
accumulator pressure. Accordingly, the displacement of Unit 1 is adjusted to increase line A
pressure to match the HP accumulator pressure. When these two pressures match and the
commanded torque is greater than the simulated system torque, the HP accumulator enabling valve
is opened, thereby switching the vehicle to the hybrid mode of operation as seen at t = 90s, 140s,
170s etc. in Figures 7.5 and 7.6. Once the HP enabling valve is opened, the Units 2 and 3 are
controlled to provide the required torque at the wheels at the HP accumulator pressure whereas
unit 1 is controlled such that the pressure in line A tracks the decreasing HP accumulator pressure.
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The HP accumulator governs the system pressure, as can be clearly seen in Figure 7.6 where line
A follows the HP accumulator pressure. There is a very good match between the simulated system
torque and the commanded torque as seen in Figure 7.5, which allows the simulated vehicle
velocity to follow the commanded velocity from the drive-cycle. As soon as the HP accumulator
reaches its pre-charge pressure level, the vehicle is switched back to the non-hybrid mode of
operation.
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Figures 7.7 and 7.8 illustrate the power comparison for this simulation and the equivalent
powertrain efficiency respectively. An overall powertrain efficiency of 52.12% was calculated
for this simulation study. The efficiency is high particularly during the hybrid driving mode of
operation.
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7.2

Case 2 - UDDS Cycle, HPA Charged
Figures 7.9 through 7.14 show the simulation results with the HP accumulator at a higher

state-of-charge, i.e. (ு = 300 ܾܽ)ݎ. The same drive cycle is used for this simulation as in the
previous case. Similar to the previous case, all the vehicle modes of operation except reverse
driving are realized.
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7.2.1 Hybrid Driving Mode
As the vehicle starts from rest, the controller sets the vehicle to the hybrid driving mode
since the HP accumulator is at a higher state-of-charge and available for usage. Like before, the
inputs to the system are the accelerator and the brake pedals that are used to determine the
commanded torque. The controller commands unit 1 displacement to increase till the pressure in
line A matches the HP accumulator pressure as shown in Figure 7.10. Once the two pressures are
equal, the HP accumulator enabling valve is opened at t=8s, as shown in Figure 7.14. The HP
accumulator governs the system pressure. The Units 2 and 3 are controlled to provide the required
torque albeit at a higher pressure due to the HP accumulator, hence their displacements are
comparatively lower. The simulated system torque matches the commanded torque quite well as
shown in Figure 7.13. Once the HP accumulator reaches its pre-charge pressure level, the
supervisory controller switches the vehicle back to the non-hybrid driving mode at t=35s.
7.2.2

Non-Hybrid Driving Mode
At t=35s, the vehicle enters the non-hybrid driving mode. The goal is to match the system

torque to the commanded torque and the units 2 and 3 displacements are controlled accordingly.
Unit 1 is controlled to maintain the pressure in line A to the pre-defined reference pressure. The
simulated engine speed matches the commanded engine speed and is constant throughout the nonhybrid driving mode as shown in Figure 7.12. The simulated system torque matches the
commanded torque reasonably, as shown in Figure 7.13.
7.2.3 Braking Mode
At t=52s, the brake pedal is depressed and the vehicle enters the braking mode as shown
in Figures 7.9 and 7.10. The high and low pressure lines are exchanged. Unit 1 goes to zero
displacement and Units 2 and 3 are controlled to provide the braking torque. When the pressure in
line B exceeds the HP accumulator pressure, the pumping units 2 and 3 direct flow from the LP
accumulator to the HP accumulator, thereby charging the HP accumulator as shown in Figure 7.14.
Similar to Case 1 simulation results, the braking controller demonstrated a limitation when the
vehicle was at standstill. As shown in Figures 7.9-7.11 at t=60s, the controller interpreted the brake
pedal position as required braking torque and commanded the units 2 and 3 displacements
accordingly even though unit 1 was at zero displacement and there was no pressure in the system.
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Nevertheless, it is clearly observable from these results that throughout the duration of this
drive cycle, there is sufficient usage of the HP accumulator. Through multiple braking events, the
HP accumulator can be charged multiple times and discharged thereafter in the hybrid mode of
driving. In addition, the transmission controller is able to meet the primary requirement of
matching the system torque to the commanded torque by the driver.

---E
.c

~

.....>,

·u
0

Vehicle Velocity

60
40
20

Q)

>

0

50

100

150

200

250

300

350

400

450

Time [sec]

Figure 7.9. : Case 2 Simulation Result - Vehicle Velocity
~

Pedal Position

100 r . = = = = = = = = = = ; - - - - - - , - - - - - , - - - - - - - - - , - - - - - - - , - - - - - , - - - - - , - - - - - - - , - - - - - - ,
-

~

C

Accelerator -

Brake

.Q
~

en
0

a..

50

Ctl
"C

Q)

a..

0

50

100

150

200

250

300

350

400

450

400

450

Time [sec]

Figure 7.10. : Case 2 Simulation Result – Pedal Position
Unit Displacements
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Figure 7.11. : Case 2 Simulation Result – Unit Displacements
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Figure 7.12. : Case 2 Simulation Result – Engine Speed
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Figure 7.13. : Case 2 Simulation Result – Torque Comparison
Line Pressures
~

'-

ro

£

300

Q)
'-

200

CJ)
CJ)
Q)
'-

100

:::i

a..

0

50

100

150

200

250

300

350

Time [sec]

Figure 7.14. : Case 2 Simulation Result – Line Pressures
Figures 7.15 and 7.16 illustrate the power comparison for this simulation along-with the
equivalent powertrain efficiency. An overall powertrain efficiency of 54.17% was calculated for
this simulation study. An interesting difference in the powertrain efficiency from the previous case
is during the initial time when the vehicle operates in the hybrid mode. A significantly higher
powertrain efficiency is noted during this interval, in this case than in the previous case.
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Figure 7.15. : Case 2 Simulation Result – Power Comparison
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Figure 7.16. : Case 2 Simulation Result – Calculated Powertrain Efficiency

To summarize this chapter, the simulation results indicate that the torque-based controller is
effective in satisfying the torque demand by selecting the appropriate mode of driving based on
system parameters. The next task is to validate this controller with baseline measurements using
the actual prototype vehicle.
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8. BASELINE MEASUREMENTS & CONTROLLER VALIDATION

Baseline measurements were taken with the Maha HHV prototype to validate the working of
engine and transmission controller. A mild acceleration and braking cycle was conducted to
demonstrate the different modes of operation of the prototype using the control strategies described
earlier in Chapter 6. The measurement results for the Maha HHV prototype are shown in Figures
8.1 and 8.2.
As indicated in the figures, the measurement cycle is split into four distinct modes: block (1)
represents the non-hybrid mode of driving; block (2) represents the hybrid mode of driving; block
(3) represents the braking mode and the remaining non-highlighted portions represent the coasting
mode of operation of the vehicle.

8.1

Non-Hybrid Mode of Driving
As mentioned earlier, the blocks (1) represent the non-hybrid mode of driving. As the

vehicle starts from rest, it enters into this mode of driving. In order to accelerate, the driver
depresses the accelerator pedal. The torque commanded out of the system is calculated based on
the look-up strategy discussed earlier in Chapter 6. Since the commanded torque starts from zero,
hence the motoring units 2 and 3 start from zero displacement. As the commanded torque
increases, the displacements of Units 2 and 3 increase in order to match the commanded torque
at the system pressure. Unit 1’s displacement is controlled to maintain a pre-defined reference
pressure in line A. However, there is about a 1.2-second delay between the reference engine
speed and the actual engine speed as shown in Figure 8.2. The Unit displacement starts from zero
displacement but quickly rises to nearly 40% as the actual engine speed is at its idle value. At t=3
seconds, as the commanded engine speed increases, the Unit 1 displacement decreases to match
the reference pressure. The delay between the commanded engine speed and the actual engine
speed was due to the back-propagation gain values used in the anti-windup logic of the engine
speed controller. As evident from Figure 8.2, the system torque follows the commanded torque
quite well throughout the various stages of non-hybrid driving. Due to the delay between the
commanded and actual engine speeds, the calculated engine throttle was affected. This resulted
in the initial spikes in the displacement of Unit 1 whenever the vehicle entered the non-hybrid
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driving mode. Nevertheless, for the most part of non-hybrid driving, the control strategy worked
relatively well.
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Figure 8.1. : Measurement Results – Velocity, Pedal position & Unit Displacements
8.2

Hybrid Mode of Driving
At time t=31 seconds, the Line A pressure is nearly equal to that of the HP accumulator

state-of-charge and the driver is still accelerating i.e. there is a commanded torque higher than
the calculated system torque. Therefore, the mode-selecting supervisory controller switches the
vehicle from the non-hybrid mode to the hybrid mode of driving as indicated by block (2) in
Figure 8.2. The HP accumulator enabling valve is opened and the HP accumulator is connected
to the system. This engine power was reduced by decreasing the engine throttle command,
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leading to reduced engine speed during the hybrid mode of driving. The displacements of units 2
and 3 are controlled to provide the commanded torque at the HP accumulator’s current pressure,
whereas unit 1’s displacement is controlled to keep the Line A pressure equal to that of the HP
accumulator as the HP accumulator pressure decreases.
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Figure 8.2. : Measurement Results: Engine Speed, Torques & Line Pressures
Since in the hybrid mode, the system pressure is governed by the HP accumulator, hence
the system operated at a higher pressure in this mode. Consequently, the displacement of the
units 2 and 3 should decrease to provide the same torque at the wheels. There is a delay in the
decrease of the unit displacements causing the calculated system torque to be briefly higher than
the commanded torque. Overall, the vehicle is able to satisfy the torque demand in this mode. At
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t=33 seconds, the driver lifted his foot off the accelerator pedal for about 0.7 seconds. This
caused the commanded torque to briefly decrease to zero followed by a sharp rise when the
accelerator pedal is again depressed. The vehicle kept driving in the hybrid mode throughout this
interval. At t=38.5 seconds, the driver lifted his foot off the accelerator pedal resulting in the
commanded torque going below the calculated system torque. Therefore, the supervisory
controller closed the HP accumulator enabling valve.
This was followed by a brief instant where the driver did not press either the accelerator or
the brake pedal, thereby switching the vehicle from the hybrid mode to the coasting mode.
Throughout all the coasting modes, all the hydraulic units are commanded to be at zero
displacement as shown in the Figure 8.1. The vehicle keeps moving due to its own inertia while
coasting.

8.3 Braking Mode
The blocks (3) represent the various braking events in the measurement cycle. The braking
event is initiated when the driver begins to depress the brake pedal. As soon as the brake pedal is
depressed, unit 1 is commanded to zero displacement and the HP enabling valve is closed to
enable regenerative braking. The units 2 and 3 are commanded to provide the desired braking
torque calculated from the brake pedal position using the torque look-up strategy discussed
earlier. The high-pressure and low-pressure lines switched with line B becoming the highpressure line. The pressure in line B is used to charge the HP accumulator as clearly evident from
the increasing pressure ு in Figure 8.2. During the braking events, the engine is commanded
to run at the idle speed. It should also be noted that in the beginning of each braking event, the
measured brake pedal input and consequently the commanded regenerative braking torque are
used to calculate the displacements for the units 2 and 3. As the pressure in line B rises, these
displacements are reduced to adapt to the rising pressure and continue providing the same
braking torque.
At 82 seconds, the vehicle comes to a rest and the driver continues to keep the brake pedal
depressed. As discussed during the simulation studies, the braking controller suffers from a
limitation when the vehicle is at standstill. The braking controller interprets the brake pedal
position as commanded braking torque and determines the displacements for units 2 and 3
accordingly. However, the Unit 1 is at zero displacement and there is no pressure in the system.
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This limitation can be addressed by an alternate braking logic. Instead of commanding unit 1 to
be zero displacement during braking, it can be switched over-center and controlled according to
the commanded braking torque. This will also be aided by engine braking as the commanded
engine throttle will be decrease during braking. On the other hand, the units 2 and 3 will be
commanded to be at zero displacement. Since the current system was implemented with the
approach of allowing only units 2 and 3 to go over-center, this alternate braking logic can be the
scope of future work.

In conclusion, this chapter presented the measurement results for the different modes of
driving of the Maha HHV prototype. The torque-based control strategies used in the different
driving modes were demonstrated. Recovering energy into the HP accumulator through
regenerative braking and its usage in the hybrid mode of driving was also displayed. The uniform
torque-based control strategy across the vehicle driving modes eliminated the need for separate
controllers for the different vehicle modes. This strategy also resulted in a driving experience
similar to that in conventional on-road vehicles. The engine speed controller worked relatively
well considering the controller only used a vehicle velocity based reference engine-speed profile
and calculated the engine throttle position based on the engine speed error using a PI controller
with anti-windup logic.
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9. CONCLUSIONS & FUTURE WORK

The aim of this work was to design a torque-based controller for the multi-modal Maha
HHV prototype. The idea was to use a uniform control strategy across all vehicle modes instead
of multiple controllers for multiple modes.
The work began with analyzing the existing architecture of the mode-switching hybrid and
re-defining the different vehicle driving modes from the perspective of torque-based control.
This analysis needed to be tested through simulations, hence the next step was to designing an
entirely new system control model for the Maha HHV on MATLAB/Simulink with a two-stage
transmission control and a separate engine-speed control architecture. A mapping between the
driver pedals and the torque commanded from the system was developed. The transmission
controller included a top-level mode-selecting supervisory controller which selected the vehicle
driving mode based on parameters like the commanded torque, system pressure and state-ofcharge of the high-pressure accumulator. The transmission controller also included a modespecific displacement controller that calculated the commanded hydraulic unit displacements
based on the commanded torque. The engine-speed controller used a PI based control to match
the measured engine speed to the reference engine speed. An energy analysis was performed
using the UDDS drive cycle with different reference engine speeds to develop a piece-wise
constant reference engine-speed map with respect to the vehicle velocity. Simulation results
showed the feasibility of designing a uniform torque-based controller for the Maha HHV
prototype. Powertrain efficiencies between 52-55% were achieved in simulations over the UDDS
drive cycle for different operating conditions.
In terms of instrumentation, a new low-pressure accumulator enabling valve was installed in
the system to prevent leakages when the vehicle was not in use. The signaling for the highpressure and low-pressure accumulator enabling valves was modified for better control. The
accelerator and brake pedals were no longer used just to define the unit displacements. Instead,
they were used primarily to determine the torque commanded from the system. Once the
prototype modification was complete, measurements were conducted to validate the new
controller. The torque-based control strategy was designed to have maximum usage of the highpressure accumulator. The measurement results confirmed the control strategy of operating the

70
vehicle in torque-controlled manner. The controller successfully demonstrated the different
modes of driving of the vehicle.
Although the torque-based controller was successfully implemented and demonstrated on
the Maha HHV prototype, in order to further improve the performance and controllability,
additional work needs to be done in the area of development of power management strategies
and a more robust engine control. In this work, a piecewise constant reference engine profile was
developed and a PI controller with anti-windup was used to determine the engine throttle. For
future studies, a stochastic dynamic programming approach may be used for power management
by modeling the driver power demand using a Markov chain model. Such a power management
strategy may lead to a better engine control even though it will be computationally more
expensive. The limitation in braking control at the standstill vehicle position can be addressed by
using an over-centered unit 1. Instead of commanding unit 1 to be zero displacement during
braking, it can be switched over-center and controlled according to the commanded braking
torque. On the other hand, the units 2 and 3 will be commanded to be at zero displacement. This
would prevent the situation of the vehicle rolling backwards by itself if parked on a slope. Since
the current system was implemented with the approach of allowing only units 2 and 3 to go overcenter and not unit 1, this alternate braking logic can be the scope of future work.
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APPENDIX A. MAHA HHV COMPONENT SPECIFICATIONS

x

Hydraulic Units
Table A.1. : Hydraulic Unit Specifications

x

Unit

Model

Size

Max Pressure

Max Speed

Unit 1

Danfoss S90

100 cc/rev

450 bar

3650 rpm

Unit 2

Danfoss S90

75 cc/rev

450 bar

3950 rpm

Unit 3

Danfoss S90

75 cc/rev

450 bar

3950 rpm

Charge Pump
Table A.2. : Charge Pump Specifications

x

Manufacturer

Model

Size

Max Pressure

Max Speed

Casappa

Polaris 20-25

26.4 cc/rev

210 bar

2500 rpm

High-Pressure and Low-Pressure Accumulator
Table A.3. : Accumulator Specifications
Accumulator
HP
Accumulator
LP
Accumulator

x

Nominal
Volume

Maximum
Pressure

Pre-charge
Pressure

Length

Diameter

33.5 L

500 bar

155 bar

1422 mm

227 mm

42 L

350 bar

15.5 bar

880 mm

274 mm

Gear Box
Table A.4. : Gear Box Specifications
Manufacturer

Model

Ratio

Max Power

Durst

1PD06

1.48

396 kW

Max Input
Torque
1414 Nm
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x

Oil Cooler
Table A.5. : Oil Cooler Specifications
Manufacturer

I

AKG
x

Model
D20-12

I

Heat Rejection @
37.8 °C
15 kW @ 100l/min

I

Max
Pressure
26 bar

I

Max
Temperature
121 °C

Oil Filter
Table A.6. : Oil Filter Specifications
Manufacturer
Parker

x

Flow rate

I

75 l/min

I

Size

Max Pressure

10 micron

34 bar

Engine Throttle Actuator
Table A.7. : Throttle Actuator Specifications
Manufacturer

Model

Voltage Rating

Max Transient
Power

Slew Rate

Woodward

ProAct ISC
Model II

18-32 V

251 W

1000 degree/sec
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APPENDIX B. MAHA HHV FPGA ARCHITECTURE & DAQ

Figure B.1 shows the method of converting a digital pulse (voltage) signal into frequency using
FPGA. The pulse-timing method is used for this purpose. The time interval between two
consecutive pulses is calculated by detecting successive rising edges and this time duration is
used to determine the frequency of the signal. The unit speed can then be calculated as shown in
equation B.1.
߱ =

2ߨ
݊ܶ

Where,
߱ = speed of the hydraulic unit in rad/s
ܶ = time period between two consecutive pulses
݊ = number of pulses in one rotation of a hydraulic unit
The value of ݊ is 63 for Unit 1 and 58 for Units 2 and 3.

Figure B.1. : Digital pulse to frequency conversion using FPGA

(B.1)
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The six NI modules were configured and mapped as either data input or data output modules in
Labview as shown in Figures B.2 and B.3. The analog input (NI 9205) module, the digital input
module (NI 9401), the thermocouple module (NI 9213) and the frequency signals from the three
hydraulic units were fed into the direct memory access (DMA) read packet. On the other hand,
the analog output module (NI 9264), relay module (NI 9482) and the digital output module (NI
9474) were fed by the DMA write packet.
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Figure B.2. : Labview architecture for data acquisition and control of the Maha HHV
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Finally, the installed DAQ box containing the DC-DC converters, the relays, the voltage-current
converters and the cRIO 9074 chassis with the six NI modules is shown in Figure B.3.

Figure B.3. : Installed DAQ box
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APPENDIX C. DETAILS OF PEDAL-TORQUE MAP CALCULATION

Based on the study conducted by Mehar et al. [35], the general form of the average and maximum
acceleration for a utility vehicle can be defined as:
ܽ௩ = ܽ݁ ௩

(C.2)

ܽ௫ = ܿ + ݀ݒ

(C.3)

Where,
ܽ௩ = average acceleration, m/s2
ܽ௫ = maximum acceleration, m/s2
 = ݒvehicle velocity, m/s
ܽ, ܾ, ܿ and ݀ = constant
The value of the constants for a utility vehicle for four-lane (4L) and six-lane (6L) roads are given
in Table C.1.
Table C.1. : Constants for maximum and average accelerations
Number of lanes
Four
Six

ܽ
2.03
2.03

ܾ
-0.04
-0.03

ܿ
3.32
4.02

݀
-0.06
-0.05

The average and maximum acceleration profiles for both four-lane and six-lane roads using the
UDDS drive cycle are shown in Figure C.1. Based on these results, the mean values of the average
and maximum acceleration are calculated as shown in equations C.4-7.
ܽത௩,ସ = ݉݁ܽ݊൫ܽ௩ସ ൯ = 1.478 ݉/ ݏଶ

(C.4)

ܽത௩, = ݉݁ܽ݊൫ܽ௩ ൯ = 1.591 ݉/ ݏଶ

(C.5)

ܽത௫,ସ = ݉݁ܽ݊(ܽ௫ସ ) = 2.795 ݉/ ݏଶ

(C.6)

ܽത௫, = ݉݁ܽ݊(ܽ௫ ) = 3.582 ݉/ ݏଶ

(C.7)

Based on the above acceleration values, the average and maximum torque required at the wheels
were calculated as shown in equations C.8-11.
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(C.8)

ܯ௩,

(C.9)

ܯ௫,ସ
ܯ௫,

:c
--..

ݎௗ௬
= 415.49 ܰ݉
݅௫
ݎௗ௬
= ݉௩ ܽത௩,
= 447.07 ܰ݉
݅௫
ݎௗ௬
= ݉௩ ܽത௫,ସ
= 785.42 ܰ݉
݅௫
ݎௗ௬
= ݉௩ ܽത௫,
= 1006.8 ܰ݉
݅௫

ܯ௩,ସ = ݉௩ ܽത௩,ସ

(C.10)
(C.11)

UDDS drive cycle

100

E

~

.....>, 50

·c3
0
Q)

>

N~

0

1/)

3

C

2

--.s
0
:;:::::;

ro
L..

Q)

Q)
(.)
(.)

<(

N~
(/)

200

400

600

800

1000

1200

Average acceleration [4&6 lanes]

1
0

200

400

600

800

1000

1200

Maximum acceleration [4&6 lanes]

5

.s-.. 4.02
.Q 3.32

( tl
,_
Q)

Q)
(.)
(.)

<(

1

200

400

600

800

1000

1200

Time [sec]

Figure C.4. : Average and maximum acceleration profiles for four-lane
and six-lane roads using UDDS drive cycle
The torque values used for generating the acceleration torque map were taken as the mean of the
four-lane and six-lane counterparts.
ܯ,௩ = ݉݁ܽ݊൫ܯ௩,ସ , ܯ௩, ൯ = 431.28 ܰ݉

(C.12)
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ܯ,௫ = ݉݁ܽ݊൫ܯ௫,ସ , ܯ௫, ൯ = 896.11 ܰ݉

(C.13)

In order to map the brake pedal to braking torque command, the average and maximum
deceleration rates were selected to be 2.4 m/s2 and 3.4 m/s2 based on a study conducted by the US
Department of Transportation [36]. The average and maximum braking torque required at the
wheels were calculated as shown in equations C.14-15.
ܯ,௩ = ݉௩ ܽௗ,௩

ݎௗ௬
= െ410.08 ܰ݉
݅௫

(C.14)

ܯ,௫ = ݉௩ ܽௗ,௫

ݎௗ௬
= െ674.54 ܰ݉
݅௫

(C.15)

APPENDIX D. MAHA HHV WIRING DIAGRAM
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Figure D.5. : Maha HHV wiring diagram
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